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Abstract 
 
Spontaneous activity in the brain underlies multiple functions and can explain much 
variability in behaviour. The larval zebrafish provides a simple and accessible model 
for studying spontaneous activity within a vertebrate. The optic tectum of the zebrafish 
primarily receives retinal input and initiates stimulus-appropriate motor programs. 
Spontaneous activity within the zebrafish optic tectum has been studied but has not 
been fully characterised over development within the individual or in the context of its 
potential sources. While prior research has suggested that spontaneous activity is 
relatively unchanging after its appearance in the tectum early in the lifespan of the 
zebrafish, we found this not to be the case. During development, multiple properties 
of spontaneous activity show a peak at 5 days post-fertilisation (dpf). These properties 
relate to known changes in the visual system that occur as individuals mature.  
To identify whether trends in spontaneous activity over development were the same 
between individual fish we attempted to image the same individual larva at multiple 
points between 4 and 9 dpf but found aberrant changes as a result. Next, it had been 
postulated that visual input was not required for patterning of spontaneous activity 
within the tectum and thus we investigated the necessity of the retinotectal connection. 
Larvae deprived of one or both eyes at 24 hours post-fertilisation (hpf), before retinal 
innervation of the tectum, showed significant changes in spontaneous activity within 
denervated tecta at 6 dpf. Alterations in spontaneous activity within the innervated 
tecta were also observed. We then hypothesised that altering the visual input via 
changes to the environment would also lead to changes in spontaneous activity, 
despite past studies which have found little effect of a developmental dark environment 
on activity within the zebrafish tectum. In contrast to these prior studies, our 
investigation showed that rearing zebrafish under both dark and featureless 
environments affected spontaneous activity in persistent but different manners. 
Following this we investigated whether changes in spontaneous activity resulting from 
an altered rearing environment were accompanied by behavioural differences. Dark 
reared larvae showed decreased performance in hunting behaviours while featureless 
reared larvae exhibited an increase.  
Thus, we quantitatively describe changes in spontaneous activity arising from 
alterations to both the individual and the environment with network-level functionality 
metrics. This provides a step towards a comprehensive understanding of how 
spontaneous activity arises in the brain and its link to behaviour. 
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Chapter 1 – Introduction 
 
From the moment we are born until the day we die our brains are never truly ‘silent’. 
Inside the brain there is constant spontaneous activity of neurons and networks that 
complements the activity evoked by sensory input. Far from being sporadic, this 
activity is comprised of both single-cell firing events and assemblies of functionally 
grouped co-active neurons (Miller et al., 2014). By studying the spontaneous activity 
exhibited by a brain at rest it is possible to gain an understanding of the functional 
connections within the brain (Feldt et al., 2011). In turn, understanding these functional 
connections allows for an understanding of both how the brain processes information 
and the mechanisms by which past experience is encoded into the brain. However, 
currently little is known about the full temporal and morphological scope of 
spontaneous activity.   
1.1. Spontaneous Activity 
When spontaneous activity in the human brain was first measured in the 1920s with 
electroencephalography (Yuste and Fairhall, 2015) it was thought to be background 
‘noise’ that lacked functional purpose (Treisman, 1964). More recent studies using 
functional magnetic resonance imaging have shown that spontaneous activity states 
can explain up to 74% of within-patient variability during a simple behavioural task 
(Fox et al., 2007). Given that spontaneous activity consumes around 70% of the 
brain’s energy budget (Tomasi et al., 2013), which itself accounts for approximately 
20% of the body’s total energy usage, it seems likely that there is some advantage 
conveyed by its evolutionary conservation. In addition, the ubiquity of spontaneous 
activity in non-human animals including cats (Kenet et al., 2003), ferrets (Berkes et al., 
2011) and zebrafish (Avitan et al., 2016) shows that it is not simply an emergent 
property of the human mind.   
Spontaneous activity in the brain is comprised of sporadic, single-cell firing events and 
cascades of synchronised neuronal activity, termed ‘assemblies’ (Miller et al., 2014). 
These assemblies are thought to represent functional groups of neurons (Romano et 
al., 2015). In the zebrafish, single-cell spontaneous firing events occur at a rate of 
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approximately 0.01 – 0.015Hz depending on age and assemblies fire at about a tenth 
of that rate (Avitan et al., 2017; Pietri et al., 2017).   
1.1.1 Origins in the brain 
One of the largest questions pertaining to spontaneous activity is whether it is an 
intrinsic property of sufficiently complex neural networks or rather an echo of the 
sensory environment (Fox et al., 2007). In silico simulations of visual cortex neurons 
show a propensity for these neurons to develop response properties and assemblies 
tuned towards ecologically relevant stimuli based on relatively simple Hebbian 
dynamics and presentation of stimuli (Miconi et al., 2016). With respect to animal 
models, in mutant mouse lines devoid of synaptic transmission it is still possible to 
observe a normal network architecture (Verhage et al., 2000). Similarly, wiring of the 
visual system in zebrafish has been thought of as stereotypical and driven almost 
solely by genetic cues (Nevin et al., 2008; Triplett, 2014). On the other hand, in ferrets 
there is a strong linkage between evoked visual activity and spontaneous activity in 
the visual system (Berkes et al., 2011). In mature animals, spontaneous patterns of 
activity strongly resemble evoked activity in a manner that is not present in juvenile 
individuals. Similarly, motifs of evoked activity from multiple sensory sources can be 
found in spontaneous activity within the mouse cortex (Mohajerani et al., 2013). We 
investigated how the activity evoked by an animal’s developmental environment 
affects spontaneous activity in Chapter 5.  
1.1.2 Development 
The point in development at which spontaneous activity arises varies across species. 
In human neonates spontaneous bursts of activity that correlate with brain 
development can be seen shortly after birth (Arichi et al., 2017). In the larval zebrafish 
spontaneous activity in visual areas arises around the same time as retinal innervation 
(Niell and Smith, 2005). In the zebrafish retina itself there are waves of activity that 
arise early in development and then subside as the system matures (Zhang et al., 
2016). A similar pattern occurs in the mouse visual cortex, where a large majority of 
the neurons fire in slow, synchronised waves starting soon after birth (Rochefort et al., 
2009). After eye opening, at approximately 15 days of age, these waves break down 
and the activity of the cortex sparsifies into a more mature state. The onset of this 
breakdown and sparsification can be delayed by rearing pups in darkness, which ties 
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into literature from Xenopus showing that light is required for dendritic arbour 
elaboration in visual areas (Sin et al., 2002). The barrel cortex of the mouse also 
exhibits a transition from a highly correlated initial state to a more decorrelated sparse 
state over development, however the mechanisms that drive this appear to be 
independent of sensory input (Golshani et al., 2009). In Chapter 3 we studied the 
timecourse of spontaneous activity metrics within the individual zebrafish early in 
development.  
1.1.3 Functions 
In terms of roles of spontaneous activity in the brain there have been multiple possible 
functions suggested. In ferrets the evolution of spontaneous activity to match evoked 
activity is thought to represent the generation of an internal model that plays an 
important role in prediction of future evoked activity (Berkes et al., 2011). Simulations 
of mouse visual cortex given realistic plasticity and trained on evoked activity develop 
spontaneous activity that resembles the stimuli they were presented with (Miconi et 
al., 2016). Following sustained presentation of a moving bar, spontaneous activity 
within direction selective neurons of the zebrafish exhibits synchronicity with continued 
tracking movements of the eye in the absence of the bar (Pérez-Schuster et al., 2016). 
This activity is not simply a result of proprioceptive feedback from eye muscles, 
evidenced by its presence even under the condition of induced larval paralysis. 
Additionally, assemblies of spontaneous activity within the zebrafish tectum – some of 
which show tuning towards features of natural environments – can predict behavioural 
output (Romano et al., 2015). Cortical recordings from rats exposed to sustained audio 
tones also indicates a role for spontaneous activity in ‘gating’ stimulus responses 
(Luczak et al., 2013). Additionally, spontaneous activity can inhibit evoked responses, 
possibly as a means to improve discrimination between inputs (Petersen et al., 2003). 
In the visual system of zebrafish spontaneous activity has been proposed as an 
adjunct to molecular cues, necessary for the formation of precise retinotopic maps 
(McLaughlin and O’Leary, 2005).  
1.1.4 Zebrafish as an animal model for neuroscience 
From beginnings as small, easily maintained vertebrate models of genetics 
(Streisinger et al., 1981), the larvae of the zebrafish Danio rerio have risen in 
prominence to become an important animal model in neuroscience. Due to their small 
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size, shared homology with mammalian brains and optical transparency zebrafish are 
now an invaluable tool with regards to acquiring large-scale neuronal recordings 
(Orger, 2016). Their rapid and extranatal developmental profile provides them with a 
natural advantage over other traditional animal models of neural development (Niell 
and Smith, 2005). The larval zebrafish develops swiftly as it shifts from early yolk-
based feeding to hunting prey (Muto et al., 2017). The first recognisable neurons 
appear around 0.5 days post-fertilisation (dpf) and by 5 dpf when the larvae make the 
transition to hunting this population is around 100,000 in number (Kimmel et al., 1995; 
Renninger and Orger, 2013). 
1.1.5 Visual processing in the larval zebrafish 
In the zebrafish, visual information is received at the retina and proceeds 
contralaterally via retinal ganglion cell (RGC) axons across the midline to the optic 
tectum, a homologue of the mammalian superior colliculus (Krauzlis et al., 2013; 
Orger, 2016). A focused image is present on the retina from 3 dpf onwards (Easter 
and Nicola, 1996). The RGCs form relatively early during zebrafish development, at 
around 1 dpf and innervate the tectum at around 2.5 – 3 dpf (Burrill and Easter, 1994; 
Fadool and Dowling, 2008). Retinal innervation of the tectum is roughly retinotopic and 
arranged such that input from the anterior eye feeds into the posterior neuropil and 
vice versa (Orger, 2016), with spontaneous retinal activity thought to assist with 
formation of this retinotopy (McLaughlin and O’Leary, 2005). The tectum is critically 
important in zebrafish for the processing of visual inputs and multisensory integration 
(Westphal and OMalley, 2013). The relatively sparse outer neuropil (NP) layer 
receives the main body of retinal axons, arranged in a retinotopic fashion (Robles et 
al., 2011). Dendritic projections from the periventricular layer (PVL) located deeper in 
the tectum take the information received in the neuropil and process it, then send it on 
to downstream brain regions, including motor centres (Ahrens et al., 2012; Orger, 
2016). Tectal neurogenesis in the zebrafish is a continual process that occurs over the 
entire lifespan and involves addition of new cells primarily in the caudal region of the 
tectum (Marcus et al., 1999). Simultaneous to this tectal neurogenesis there are the 
generation of new cells in the retina in a ringlike patterns and as new retinal ganglion 
axons attempt to innervate their respective topographic areas in the tectum they find 
themselves projecting to an older generation of tectal cells displaced by the addition 
of new cells. Thus, for new innervation to occur the prior retinotectal connections on 
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these existing cells must be broken and reformed on new partners, which sets off a 
cascade of axonal reassignment. Hence, in this regard that the tectum of the zebrafish 
is a highly dynamic structure but the scale of the susceptibility of the tectum to 
perturbations is unclear. The interactions between retinal innervation and the 
spontaneous activity of the tectum were the focus of Chapter 4. 
While the tectum is an integrator of more than just visual information – incorporating 
lateral line (Fame et al., 2006), homeostatic (Filosa et al., 2016) and other sources of 
information – this modality represents the largest input (Del Bene et al., 2010). For 
larvae the tectum is crucially important for prey capture behaviour and ablation of all 
or portions significantly impairs larval hunting (Gahtan et al., 2005). We studied this 
hunting behaviour and whether it reflects changes in internal spontaneous activity in 
Chapter 5. Interestingly, ablation of the tectum in zebrafish also severely impairs 
motion after-effect behaviour, which is a response to illusory motion elicited by removal 
of a sustained moving stimulus (Pérez-Schuster et al., 2016). Tectal-associated 
neurons also play a role in whole-field orienting responses in the zebrafish, necessary 
for the zebrafish to stabilise itself in a moving environment (Kubo et al., 2014), along 
with a range of other important behaviours (Bilotta and Saszik, 2001). Studying the 
structure of the tectum, much like with any other structure, can be a tedious task 
requiring specific genetic tools (Zhu et al., 2009) or electrophysiology (Zhang et al., 
2011). Thus, it can be advantageous in the zebrafish to utilise pigment-deficient lines 
such as nacre (Lister et al., 1999) and genetically encoded markers of neuronal activity 
to non-invasively image large numbers of neurons simultaneously as a means to 
uncover structure (Ahrens et al., 2012; Kawashima et al., 2016; Naumann et al., 2016). 
Deriving useful information from these large data sets can be difficult however, which 
is where mathematical tools designed for operating with networks of unknown 
structure can be useful. 
1.2. Graph theory in neuroscience  
Graph theory is a branch of mathematics particularly useful to deciphering functional 
connectivity that deals with representations of systems as interconnected nodes (Feldt 
et al., 2011). The elements of the system – be they people, computers or neurons – 
are represented as nodes, joined by links which define the network structure. 
Understanding how information is integrated in the brain can in turn explain elements 
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of behaviour and the relationship between structure and function (Bullmore and 
Sporns, 2009). One particular area of neuroscience that sees graph theory applied 
routinely is the field of resting-state fMRI (rsfMRI) research, which uses fMRI 
recordings of the brain at rest to identify functional connectivity within and between 
regions (van den Heuvel and Hulshoff Pol, 2010). By using fMRI recordings as a base 
for the formation of the representation of the system as a graph, it can be possible to 
gain insight into the structure of the ferret brain (Zhou et al., 2016) or identify alterations 
as a result of Alzheimer’s disease (Supekar et al., 2008) for example. 
1.2.1 Metrics of graph theory 
By calculating various metrics of the graph, it is possible to make inferences about the 
functional arrangement of a system, without needing to be able to observe the entirety 
of said structure. One of the simplest metrics to derive in graph theory is the mean 
degree of the graph (See Figure 1.1), where the degree for each node is the number 
of neighbours it possesses. In this regard, the mean degree is a useful metric of 
functional connectivity within the graph, where a higher mean degree implies a greater 
proportion of links between nodes (Supekar et al., 2008). Closely related to mean 
degree is the metric of mean clustering coefficient, in which the fraction of neighbours 
of a node that are also neighbours of each other is averaged across the system as a 
measure of the presence of communities in the graph (Braun et al., 2012). A third 
useful way to assess graph structure is to quantify the inverse average shortest path 
lengths between nodes. This metric, known as global efficiency, represents the 
possibility in the network for functional integration across nodes and the ease at which 
information can be transferred (Feldt et al., 2011).  
Patterns in these metrics and their relative values allow graphs to be sorted into 
categories based on topology for example. In a perfectly regular graph arrangement 
the degree of all nodes is identical while the average clustering coefficient is typically 
high. In contrast, a fully random network may have similar degree values on average 
but clustering coefficients will tend to be lower owing to the assignment of links 
randomly rather than according to proximity. In reality, biological networks tend to 
possess features of both regular and random networks (Bullmore and Sporns, 2009). 
So-called “small-world” networks are a common functional topology for biological 
systems (Feldt et al., 2011) and tend to be regular with respect to arrangement and  
Introduction 
20 
 
  
Figure 1.1 – Derivations of graph theory metrics and network topologies. A) An 
illustration of how graph degree (k), clustering coefficient (c) and path length (l) can 
be calculated from a graph representation. The node A possesses links to nodes B, 
C, D and E, giving it a degree of 4. Out of six possible connections between 
neighbours (B↔C, C↔D, D↔E, E↔B, B↔D, C↔E) only C and D are connected, 
giving a clustering coefficient for node A of 1/6. Two potential paths from node E to 
another node in the graph can also be seen, both with a path length of 3. B) 
Common network topologies in graph theory. Regular networks (left) are highly 
uniform and possess a relatively constant degree for nodes, with a high level of local 
clustering. Small-world networks (middle) possess similar degrees and clustering to 
regular networks but also include non-local connections that improve efficiency. 
Random networks (right) lack regularity and have low clustering but can be efficient 
with regards to information flow between substantially separated portions of the 
graph. 
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clustering but possess a limited number of long-range connections. The presence of 
these connections diminishes local clustering but can greatly reduce the path length 
between areas and improve efficiency without increasing the biological wiring cost 
excessively. The brain of the ferret exhibits small-world properties for example, as 
identified with rsfMRI (Zhou et al., 2016). 
Applied to neuroscience, these metrics and other analytical tools allow us to pick apart 
the functional architecture of the brain to understand how information flows within and 
between brain regions. Integration of these techniques in the study of spontaneous 
activity and how differences in spontaneous activity manifest in behaviour in zebrafish 
is the primary focus of this thesis. 
 
 
.  
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Chapter 2 – Methods 
 
The techniques referenced in Chapters 3,4 and 5 are centralised here. Portions of this 
Methods section are drawn from Avitan et al., 2017. 
2.1.1 Breeding and rearing 
Adult zebrafish bearing elavl3:H2B-GCaMP6s on a nacre background were obtained 
from the Australian Zebrafish Phenomics Facility (AZPF), University of Queensland. 
These fish were reared on a 14/10 hr light/dark cycle and time-mated. Embryos were 
raised in E3 media containing methylene blue (30ppm) at 28.5°C on a 14/10 hr 
light/dark cycle. Sex determination was not performed as embryos of either gender 
were morphologically indistinguishable at the utilised ages. From 6 dpf embryos were 
fed marine rotifers (Branchionus plicatilis) unless otherwise stated. 
2.1.2 Enucleation procedure 
Embryos of between 23 – 25 hours post-fertilisation (hpf) were anaesthetised in 0.2 
mM tricaine/E3 and embedded in 2% low melting point agarose. One or both eyes 
were then removed with a sharpened tungsten needle, after which the larvae were 
allowed to recover for 1h and placed back into communal incubator housing on a 
standard 14/10 hr light/dark cycle. Thus, these enucleated (EN) larvae were split into 
two groups: Unilaterally enucleated larvae possessing a denervated (Den) tecta 
ipsilateral to the removed eye along with an intact (Int) contralateral tecta; and 
bilaterally enucleated (BE) larvae with two denervated tecta. The controls for this 
experiment were clutchmate larvae that were reared under the same conditions but 
did not undergo any surgery (NR). Prior experiments with enucleated larvae have 
indicated larvae tend to recover quickly reliably from the procedure (Romano et al., 
2015) and that sham surgery controls (spinal cord incision rather than enucleation) 
show no overt effect of surgery on spontaneous activity (Pietri et al., 2017).  
2.1.3 Dark rearing 
Embryos in communal rearing dishes filled with E3 media were placed into a lightless 
container at 24 hours post-fertilisation (hpf), which was maintained in a darkened 
incubator at 28.5°C. At 6 days post-fertilisation (dpf) larvae were removed from the 
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dark environment and either imaged under a 2-photon microscope or assayed for 
hunting behaviour, along with a batch of normally reared control clutchmates. For 
larvae that were assayed behaviourally, from post-assay 6 dpf until the second assay 
timepoint at 9 dpf embryos were reared under normal conditions with a 14/10 hr 
light/dark cycle and fed marine rotifers and Paramecia prey organisms. 
2.1.4 Featureless rearing 
24 hpf embryos were dechorionated and pipetted individually into painted hollow glass 
spheres filled with E3 media. These painted spheres, designed to give a formless 
visual environment when viewed from the inside, were placed in an incubator at the 
same temperature used for previous experiments, under a 14/10 hr light/dark cycle. A 
control group of embryos from the same clutch were dechorionated, individually 
pipetted into unpainted glass spheres and maintained in the same environment. 
Embryos were either removed from the featureless rearing environment at 5 dpf and 
assayed behaviourally or removed at 6 dpf and imaged under 2-photon microscopy. 
Imaged embryos were terminated at the end of the session while assayed embryos 
were returned to communal housing under normal visual conditions for re-assaying at 
9 dpf, with provision of marine rotifers and Paramecia from 6 – 8 dpf. Simultaneously 
with the assaying of featureless reared embryos a batch of normally reared 
clutchmates were assayed for their hunting performance. 
2.1.5 Manual feeding assay 
For the feeding assay, larvae were placed individually into 35mm clear petri dishes 
containing E3 and 50 Paramecia. Dark reared larvae and their normally reared 
controls were assayed for 1 hour at laboratory temperature, under standard lighting 
conditions. The assay for featureless reared larvae ran for 2 hours at 28.5°C under 
similar lighting conditions. At the end of the assay, fish were removed from the dishes 
and the number of remaining Paramecia counted by hand. Fish of all experimental 
groups were placed respectively in communal housing and returned to an incubator 
under normal visual conditions until 9 dpf, when they were assayed again with the 
same protocol. 
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2.1.6 Embedding 
For the animals designated for imaging, larvae were embedded dorsal side up in 3% 
low melting point agarose (SeaPlaque Agarose, Lonza) in 35mm petri dishes 
(ThermoFisher) at timepoints between 4 and 9 dpf, depending on the experimental 
group. All procedures were approved by the University of Queensland Animal Ethics 
Committee (QBI/152/16/ARC). 
 
 
Figure 2.1: Imaging of spontaneous activity in the zebrafish optic tectum. A) 
Schematic of larval zebrafish embedded in agarose being imaged with a 2-photon 
microscope. B) Transverse view of the larval zebrafish (Left) with the location of 
the optic tectum bounded by a dashed box. The optic tectum (Right) under 2-
photon microscopy has a characterstic morphology and is comprised on the 
neuropil (NP) and periventricular (PVL) layers. C) Raster plot from an example fish 
showing the change in calcium indicator fluorescence (ΔF/F) over the timespan of 
a recording. D) Calcium indicator fluorescence trace (Black) from a single neuron 
over the course of a recording. In red can be seen the threshold for this neuron 
that determines the occurrence of calcium events. 
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2.1.7 Imaging 
Embedded embryos were allowed to settle for a minimum of one hour before being 
imaged in darkness on an LSM710 inverted confocal microscope for 1 hour (Figure 
2.1A). Imaging was performed with a Zeiss Plan-Apochromat 40x/1.0 objective held in 
a custom inverterscope. Embryos were located under the microscope with a 
fluorescent lamp and imaged with a MaiTai DeepSee 2-photon laser (Spectra-Physics) 
at an excitation wavelength of 940nm with a power between 24 – 33%. The laser 
power was calibrated to be 12mW/mm2 at the focal point, matching the intensity used 
in previous experiments. Embryos with inadequate expression of GCaMP6s were 
excluded from the experiment. Emitted light was bandpass filtered at 500 – 550nm 
and received by a non-descanned detector and images were acquired at 2.19Hz. The 
focal plane containing the optic tectum was defined as 60µm below the skin of the 
head of the embryo. The optic tectum was identified by morphology and the image 
was rotated as required for the tecta being imaged to be encompassed by the frame 
(Figure 2.1B). In the case of unilaterally enucleated larvae both tecta were imaged for 
1 hour apiece, in a randomised order. Bilaterally enucleated larvae had only one tecta 
imaged. Dark reared fish and their associated controls were imaged on a separate 
Zeiss LSM 710 upright microscope using a Chameleon 2-photon imaging laser 
(Coherent) at 940nm. Images were captured under a 40X/1.0 water-immersion 
objective with a non-descanned detector filtered at 500 – 550nm at a resolution of 400 
x 300 pixels and a framerate of 2.2Hz for 1 hour.  
2.1.8 Extraction 
After imaging, larvae were extracted, anaesthetised in icy water and sacrificed in a 
sodium hypochlorite solution.  
2.1.9 Multi-day imaging 
For larvae imaged on multiple days, after the initial session embryos were freed by 
disrupting the agar with forceps and transferred to individual 35mm petri dishes with 
E3 media and food and returned to communal incubation. The embedding and imaging 
procedure was then repeated over multiple days until embryos had been imaged for a 
minimum of two and a maximum of four timepoints.  
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2.1.10  Pre-processing 
Imaging recordings with greater than 4 microns of movement in the Z-plane over the 
course of the hour were discarded. Recordings lacking this level of drift were split each 
into 6 trials of 10 minutes. Next, all frames in the recording in which the embryo had 
been in the midst of twitching were identified by eye. Following this, movement in the 
X and Y-planes by the animal over the course of the hour was corrected by matching 
frames against an averaged sample of 50 frames from the middle of each trial. The 
identified twitch frames from earlier were then removed and replaced with preceding 
or following frames and a universal coordinate reference frame established to allow 
alignment of trials with each other. After assessing which trials had sufficiently low 
levels of drift in the Z-plane to be usable, the trials were segmented per a watershed 
algorithm to find groups of active pixels, representing cells. Correlation coefficients 
were calculated between each pixel in these groups and against the mean of the most 
highly active pixel and its neighbouring 8 pixels. The resulting correlation coefficient 
distribution was bimodal, representing the high correlation peak of pixels within the 
active group and the low correlation peak of pixels outside the cell. A Gaussian mixture 
model - with two components to capture the two peaks - provided the correlation level 
for differentiation between pixels inside the region and out, in conjunction with a 
minimum size threshold of 5.5µm2 (26 pixels). Manual checking of cell matching was 
used for difficult cases of identifying cell identity between trials and the pixel intensities 
for each cell over the course of all usable trials were calculated. For each averaged 
collection of pixels the change in fluorescence from baseline (ΔF/F) was calculated for 
each timepoint (Figure 2.1C). A series of points marked along the edges of the tectal 
neuropil were used to generate an ellipse over the neuropil, with the anterior-posterior 
and medial-lateral axes specified manually. This ellipse was used to identify the 
position of cells with respect to the biological axes. Manually drawn masks over the 
major tectal regions separated cells as belonging to either the PVL, neuropil, 
cerebellum or non-imaged tectum. 
2.1.11 Calcium events 
We defined an event as a major deflection in fluorescence levels from baseline, 
indicating an increase in firing rate of a neuron. For each neuron, we selected all local 
maxima which were both above two standard deviations above the neuron’s mean 
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and at least 0.5ΔF/F different in amplitude from the immediately neighboring maxima 
(Figure 2.1D). This converted the neuron’s activity trace into a binary vector where 1s 
represented calcium events time points, and this vector was used for subsequent 
calculations. 
2.1.12 Significance of pairwise correlation coefficients 
We computed the pairwise correlation coefficient r between all pairs of neurons to give 
a distribution P(r). To assess statistical significance we temporally displaced each 
neuron’s calcium trace randomly with respect to the other traces using a SHIFT 
algorithm, disrupting the temporal relationship between neurons while preserving the 
temporal structure within each neuron (such as event frequency, event decay time and 
noise level). We then calculated the correlation coefficient between all pairs of shifted 
traces to obtain a null distribution. Pairs of neurons with a correlation coefficient 
greater than the 95th percentile of correlation coefficients in the null distribution were 
deemed statistically significant (p < 0.05). The spatial position of neurons was 
preserved during processing and used to bin the pairwise correlation coefficients 
between neurons as a factor of their physical separation distance. 
2.1.13 Graph measures 
We applied graph theory to our data by thresholding the pairwise correlation matrix at 
a level of >0.3 – based on values used in prior work (Avitan et al., 2017) – so that only 
high correlations were represented. From this binarised connectivity matrix we 
assembled a functional representation of the tectum as a graph wherein each node 
corresponded to an individual neuron and high correlations between neurons were 
represented as edges between nodes. This allowed us to calculate for each node the 
degree – number of neighbours possessed by a node – and clustering coefficient – 
fraction of neighbours that were neighbours of each other – along with the global 
efficiency – average inverse path length – for each graph. For the purposes of 
statistics, neurons were pooled between fish of the same age and/or condition. Thus, 
degree and clustering coefficient – as metrics calculable per node – were averaged 
across all neurons (nodes) to generate the mean degree and mean clustering 
coefficient for each age and/or condition. Global efficiency – as a metric calculable 
only once per graph – was calculated per individual.  
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Chapter 3 – Studying metrics of spontaneous activity in the 
individual over development 
 
3.1. Introduction 
Despite a growing wealth of knowledge on the structure and possible roles of 
spontaneous activity, the detailed structure and origins of this activity in the developing 
individual remain poorly characterised. Studies of spontaneous activity in V1 of ferrets 
show that spontaneous activity in mature animals resembles evoked activity whilst the 
same is not true for spontaneous activity in the young ferret (Berkes et al., 2011). In 
mice, 2-photon calcium imaging within the immature mouse visual cortex has shown 
that around postnatal day 11 spontaneous activity is comprised of mostly slow wave 
activity that involves a majority (~75%) of cortical neurons (Rochefort et al., 2009). 
Over time, coinciding with the opening of the eyes, the number of neurons active in 
these waves decreases (36% one day after eye opening, 12% in adults) in a process 
of sparsification (Rochefort et al., 2009). However, the mechanisms controlling such 
sparsification and by which spontaneous activity becomes moulded to its final form 
remain currently unknown, partly due to the difficulty of obtaining high-quality 
recordings of spontaneous activity in the developing animal. In this respect, the larval 
zebrafish provides an attractive model for the longitudinal study of spontaneous 
activity given the ease of imaging provided by its transparency and rapid development. 
Spontaneous activity in zebrafish visual processing areas typically emerges as the 
areas become innervated by retinal axons at approximately 2.5 – 3 dpf (Niell and 
Smith, 2005). Along with the transmission of a focused image from the retina – which 
is present from about 3 dpf onwards (Easter and Nicola, 1996) – this innervation 
represents the connection of spontaneous retinal activity, which is another 
hypothesised patterning source for the optic tectum of the larval zebrafish. Recent 
studies of spontaneous activity in the larval zebrafish at 2.5, 3, 5 and 8 dpf find that 
the frequency of spontaneous activity events in the tectum remains relatively stable 
over development whilst other metrics such the lateralisation and compactness of 
spontaneous assemblies show distinct differences (Pietri et al., 2017). Evidence for 
significant changes in spontaneous activity metrics at 5 dpf may be linked to the fact 
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that this is the approximate time at which the zebrafish yolk sac becomes depleted 
and larvae must begin to hunt for food (Gahtan et al., 2005). 
However, the majority of the literature that exists to date on spontaneous activity over 
development in the zebrafish has been obtained by imaging large numbers of larvae 
at discrete timepoints (Niell and Smith, 2005; Pietri et al., 2017; Romano et al., 2015). 
This method is simple to implement and thus it is not surprising that studies where the 
same individual must be maintained over development have not been performed in 
zebrafish, as the ease of imaging new larvae each day typically outweighs the 
complication of longitudinal experiments in the individual. In contrast, by using the 
same fish multiple times over development it is possible to identify whether trends 
seen in data pooled across many different fish are conserved within individual larvae 
and if there is variation in the timecourse of these trends for example. Thus, we 
hypothesised that spontaneous activity within the individual fish imaged repeatedly 
over development would resemble that observed in multiple fish imaged at one point 
during development. To answer this question we integrated graph theoretic analysis 
with 2-photon calcium imaging of zebrafish larvae.   
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3.2. Results 
 
The results in this chapter are primarily from individuals imaged at multiple timepoints 
and were obtained by Matthew Van De Poll, with help from Zac Pujic. Data processing 
was performed by Matthew Van De Poll and analysis by Lilach Avitan and Matthew 
Van De Poll.  
Referenced “single-day” data in this chapter is taken from Avitan et al. 2017 and was 
initially collected and processed by Zac Pujic and Lilach Avitan. Later data collection 
and processing was assisted by Matthew Van De Poll. Analysis was primarily 
performed by Lilach Avitan. 
Full methods are outlined in Chapter 2.   
3.2.1 Calcium event frequency changes over development 
To study changes in spontaneous activity over development in the same individual we 
performed 2-photon calcium imaging on larval zebrafish over multiple days early in 
their development. Each fish expressed the nuclear-targeted fluorescent calcium 
indicator GCaMP6s and was embedded in agarose for imaging with 2-photon 
microscopy of the tectal PVL. Imaging sessions lasted for 1 hour after which the fish 
was freed from the agarose and returned to an incubator in a labelled dish in isolation. 
Fish were subsequently imaged and extracted with the same protocol for another 1 – 
3 sessions across a range of ages between 4 – 9 dpf. A total of 37 usable recordings 
were obtained from 13 larvae that were imaged. Elevated intracellular calcium levels 
were identifiable in the imaged area of the PVL as changes in calcium indicator 
fluorescence from baseline levels (ΔF/F) and each instance where the calcium 
indicator signal exceeded two standard deviations above baseline was recorded as a 
calcium event, representing an occurrence of elevated neuronal activity.  
Prior work using the same protocol with different fish for each imaging day (“single-
day fish”; n = 51 recordings) showed a significant increase in the average frequency 
of these calcium events in the PVL at 5 dpf in comparison to 4 dpf, followed by a 
decrease to a sustained level at 8 dpf (Figure 3.1A; Avitan et al., 2017). 
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Figure 3.1: Spontaneous activity metrics for single-day fish (n = 51). Figure 
adapted from Avitan et al., 2017. Analysis and figure preparation were performed 
by Lilach Avitan, with elements customised by Matthew Van De Poll. A) Mean 
calcium event frequency of fish imaged at either 4, 5, 6, 7, 8 or 9 dpf. A peak can 
be seen at 5 dpf, followed by a decrease at 8 – 9 dpf (p < 0.05 for 4 vs 5, 5 vs 8, 5 
vs 9; no difference for 5 vs 6, 5 vs 7, 4 vs 8, 4 vs 9; one way ANOVA over neurons, 
Bonferroni correction). B) Correlation coefficients between neurons spatially close 
together (<50 µm) show a peak at 5 dpf and then drop to an intermediate level on 
7 – 9 dpf (p < 0.05 for 4 vs 5, 5 vs. 6, 5 vs 7, 5 vs 8, 5 vs 9, 4 vs 6; no difference for 
6 vs 7; one way ANOVA over neurons, Bonferroni correction). C) Mean degree of 
nodes in the tectal graph representation of fish imaged on single days. A peak in 
mean degree can be seen at 5 dpf, followed by a drop to a sustained level at 7 – 9 
dpf (p < 0.05 for 4 vs 5, 4 vs 6, 5 vs 6, 5 vs. 7, 5 vs 8 and 5 vs 9; no difference for 
4 vs. 7; one-way ANOVA over neurons, Bonferroni correction). D) Mean clustering 
coefficient in tectal graph representations for fish imaged on single days over age. 
An increase can be seen from 4 to 5 dpf, followed by maintenance at a sustained 
intermediate level on the remaining days (p < 0.05 for 4 vs 5, 5 vs 6 and 5 vs 7; no 
difference for 5 vs 8 and 6 vs. 7; one-way ANOVA, Bonferroni correction). E) Global 
efficiency of graph representations of fish imaged on single days. A peak can be 
seen at 5 dpf, followed by a sustained level for 7 – 9 dpf (p < 0.05 for 4 vs 5 and 5 
vs 7; two-sample T-test). 
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In larvae imaged for multiple days (n = 37 recordings) it was also found that the 
frequency of calcium events increased from 4 to 5 dpf and then decreased from 5 to 
6 dpf (Figure 3.2A). For some larvae the peak in event frequency at 5 dpf was highly 
pronounced, whilst other fish exhibited initially higher 4 dpf event frequencies and the 
subsequent 5 dpf peak was less discernible. Thus, single-cell metrics appear to show 
that the maturation of the tectum is not a monotonic linear trend, in accordance with 
previous findings of ours.  
 
3.2.2 Mean correlation increases with imaging session 
Given that spontaneous activity is comprised of structured groups of co-firing neurons, 
studying the correlation between neuronal firing activities can be an informative metric 
of spontaneous activity. Accordingly, for each recording we calculated the pairwise 
correlation coefficients between neurons.  
From prior single-day data it was expected that the mean correlation between neurons 
spatially close together (<50 µm separation in the XY-plane) would significantly 
increase from 4 to 5 dpf and then decrease to a sustained level at 7 – 9 dpf (Figure 
3.1B). However, in fish imaged for multiple days we found that the pairwise correlation 
coefficients appeared to increase per imaging session, regardless of age (Figure 
3.2B). Comparison of the distribution of correlation coefficients between fish imaged 
on single and multiple days revealed a statistically significant difference between the 
mean correlation coefficients at all ages (p < 0.05, n = 85; Kolmogorov-Smirnov test).  
To better understand this steady increase in short-range correlation coefficients over 
development we applied a stepwise linear regression model to the data from the fish 
imaged on multiple days. By generating a model and fitting it to the data this technique 
allows the parameters of the experiment to be assessed iteratively via an F-test for 
their explanatory power of the data. This revealed for short-ranged correlations that 
the only significant predictor of the data was the imaging session number (p < 0.01, F-
test). 
We further investigated this effect by separating recordings based on whether they 
were the first, second or third imaging sessions for the individual. Analysis of the mean 
correlation coefficients in these subsets of the data as ratios normalised against the  
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first imaging session per fish showed an upwards trend for each subsequent imaging 
session after the first (Figure 3.3A). Comparison of mean correlation coefficients 
Figure 3.2: Graph measures as a factor of repeated imaging (n = 13 fish, 37 
recordings). A) Mean calcium event frequency in fish imaged on repeated days. 
Different colours indicate individual fish over development. Black line indicates 
mean across neurons with error bars showing SEM. A peak in mean event 
frequency can be seen at 5 dpf, followed by a decrease from 6 dpf onwards (p < 
0.05 for 4 vs 5, 5 vs 6, 5 vs 8; one-way ANOVA with Bonferroni correction). B) Mean 
short-ranged (<50 µm) correlation coefficients for fish imaged on repeated days. A 
persistent increase can be seen in the mean over the course of repeated imaging 
sessions (p < 0.05 for 4 vs 5, 6 vs 7; one-way ANOVA with Bonferroni correction). 
C) Mean degree of multi-day fish. A significant upwards trend over imaging session 
can be observed (p < 0.05 for 4 vs 5, 5 vs 6, 6 vs 7; one-way ANOVA with Bonferroni 
correction). D) Mean clustering coefficient for fish imaged on repeated days. 
Individual fish and the mean both trend towards a persistent increase in coefficients 
(p < 0.05 for 4 vs 5, 6 vs 7; one-way ANOVA with Bonferroni correction). E) Global 
efficiency for fish imaged on repeated days. In individual fish a trend towards 
increasing global efficiency with imaging session number can be seen but no 
groups are significant with each other (one-way ANOVA with Bonferroni correction). 
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between sessions without normalisation showed a statistically significant increase in 
mean correlation coefficients between the first and second imaging sessions (n = 26 
recordings), regardless of respective ages (Figure 3.3B) whilst there was no difference  
between the second and third imaging sessions (n = 23 recordings). This indicated to 
us that the observed trend in correlation was a factor of the imaging itself, rather than 
the age of the individual or other biological factors. 
3.2.3 Graph theory metrics increase as a function of imaging session 
To better understand how the visual system changes over time to become an effective 
processor of information we analysed the functional structure of the tectum over 
development. We used the mathematical techniques of graph theory as a tool to 
represent the tectum as a statistical structure from which we could derive various 
descriptive metrics. Using the correlations calculated earlier, we generated a 
representation of the tectum for each larvae as a graph wherein each node of the 
graph represented the activity of a neuron (Appendix Figures A1 – A13). Edges were 
placed between nodes that possessed a high level of correlation. By analysing the 
statistics of this graph representation we were able to make inferences about the 
functional connectivity of the tectum. 
In fish imaged on single days it has been found that the mean degree of the graph – 
a metric of functional connectivity where high values indicate high connectivity – peaks 
at 5 dpf, followed by a decay from 6 – 9 dpf (Figure 3.1C). Applying the same graph-
theoretic analysis to fish imaged on repeated days revealed a steady increase in mean 
degree over the imaging timeline of the individual (Figure 3.2C). Barring the predicted 
increase in mean degree from 4 to 5 dpf, these results conflict with previous findings. 
Separation of recordings at 6 dpf based on whether the imaging session at this age 
was the first (n = 5 recordings) or last (n = 5 recordings) for the individual  showed that 
the mean degree in fish imaged for the first time at 6 dpf was significantly lower than 
the mean degree in fish where 6 dpf was the final imaging timepoint (p < 0.05; two-
sample T-test). We again applied a stepwise linear model to the data to identify the 
likely factors behind the observed data. Results of this linear regression on the mean 
degree results indicated that the age of the fish was not a significant predictor of the 
trend in mean degree (p = 0.32; F-test; n = 37 recordings). Rather, the only significant 
predictor of mean degree was the imaging session number (p < 0.01; F- 
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test). Analysis of a possible interaction between age and imaging session number 
indicated this was not a significant predictor of mean degree (p = 0.22). Thus, there 
was a persistent increase in the mean degree of the tectum with repeated imaging 
(Figure 3.2C).  
Another metric of network structure that is obtainable via graph theory is the mean 
clustering coefficient, which represents the level of clustering present in the graph such 
that high values indicate a large amount of closely connected nodes. In fish imaged  
on single days there was a peak in clustering coefficients at 5 dpf, with a drop to a 
relatively stable level for the remainder of assayed development (Figure 3.1D).  
However, this same analysis, when performed in fish imaged on repeated days 
showed a trend similar to that observed with mean degree, with an upwards trend in 
Figure 3.3: Mean correlation coefficients split by imaging session number. A) 
Mean short-ranged correlations (<50 µm) per fish over 3 repeated imaging 
sessions, as a ratio of the mean correlation of the first recording. An increase can 
be seen in the second imaging sessions in particular, compared to the first imaging 
sessions. B) Mean correlation coefficients for all fish, per imaging session. A 
statistically significant increase is present in correlation coefficients in recordings 
from second (p < 0.01; two-sample T-test; n = 26) and third imaging sessions (p < 
0.01; two-sample T-test; n = 23) when compared to the first imaging session. 
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the clustering coefficients over the imaging session timeline (Figure 3.2D). Stepwise 
linear regression showed that the only significant predictor of clustering coefficients 
over the course of the data was the imaging session number (p < 0.01; F-test). Hence, 
with increasing session number there was a parallel increase in the detected clustering 
within the graph representation of the tectum.  
For the multi-day fish we also investigated global efficiency, which is a measure of the 
efficiency at which information can theoretically be transferred around the system, with 
high values indicating large numbers of mathematically short paths. Single-day 
imaging results from prior work with single-day fish indicated that global efficiency 
peaks at 5 dpf in the zebrafish tectum and decays afterward to a stable level (Figure 
3.1E). For fish imaged on repeated days, similar to other graph measures, we found 
that the metric of global efficiency trended towards an increase with repeated imaging 
sessions (Figure 3.2E). Application of stepwise linear regression showed that session 
number was the most significant predictor of global efficiency (p < 0.01; F-test), while 
an interaction between age and session number trended towards significance (p = 
0.09; F-test). Therefore, there exists a possibility that our findings for global efficiency 
in fish imaged on repeated days show an effect of age on a metric of functional 
efficiency of the tectum, but this is overshadowed by an effect of imaging session 
number on the results. 
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3.3. Discussion 
We studied how spontaneous activity in the zebrafish optic tectum develops over time 
in the individual. By imaging zebrafish larvae expressing a pan-neuronal calcium 
indicator at 4 – 9 dpf we were able to analyse changes in metrics of cell activity and 
functional architecture during early development. Although the imaging of 
spontaneous activity in zebrafish at developmental timepoints is not novel (Niell and 
Smith, 2005; Pietri et al., 2017; Romano et al., 2015), so far there is no published 
literature studying spontaneous activity at a network level in the same individual over 
multiple days. 
Our results for calcium event frequency with repeated imaging of the same fish 
showing a peak in frequency at 5 dpf closely matched previous findings from the lab 
wherein different larvae were imaged on single days. It is possible that this peak in 
activity is related to an increase in arborisation of tectal neurons that occurs around 
this time period in the zebrafish (Meyer and Smith, 2006), along with cellular 
maturation (Sin et al., 2002) and the beginning of hunting behaviours associated with 
the depletion of the larval yolk sac (Gahtan et al., 2005). Interestingly, the increase in 
event frequency we observed both earlier and in these experiments did not appear to 
be a simple upward trend, which differs slightly from results obtained in studies using 
similar protocols which found a relatively stable increase over time (Pietri et al., 2017). 
Possible explanations for this difference can be found in the usage of different calcium 
indicators, a different imaging plane within the tectum and different techniques for 
identifying the occurrence of a calcium event. In terms of the variability of event 
frequency at the imaging timepoints, it is possible that the variation we observe is a 
factor of the inexact window of time between the spawning of embryos and their 
collection. It is not infeasible that a difference in age of 6 hours could exist even 
between fish of the same clutch, imaged on the same day and such time differences 
could present per fish as shifts forward or backward along a typical timeline of event 
frequency over development. 
Given a lack of information on how the functional architecture of the optic tectum 
develops over time within the individual larvae, we analysed our data with graph theory 
to extract metrics of functional structure over development. Representation of the 
tectum of each fish as a mathematical graph revealed surprisingly that repeated 
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imaging sessions led to a persistent increase in the mean degree of the graph. 
Although prior results from the lab indicate that an increase in mean degree is to be 
expected from 4 to 5 dpf, the sustained increase seen between almost all imaging 
timepoints was irreconcilable. To understand the potential roots of this increase we 
performed stepwise linear regression on our data, based on the factors of age and 
imaging session number. We found subsequently that the only significant predictor of 
short-ranged correlation coefficients, mean degree, clustering coefficient and global 
efficiency was the imaging session number. This indicated that repeated imaging had 
induced the observed changes in these metrics of functional architecture. In some 
instances global efficiency appeared to peak at the second imaging session and 
decrease by the third session but whether this was an effect of imaging session or 
related to age was difficult to disentangle, and the large variability in responses of 
individual fish added further complication. One particular statistical quirk of global 
efficiency that may explain its increased apparent variability and decreased overall 
significance was the method by which it was calculated; For the calculation of both 
mean degree and mean clustering coefficient, neurons were pooled across fish within 
condition, since these metrics could be calculated per neuron. However, global 
efficiency by definition was a metric calculable only per fish and thus the available 
statistical n was significantly less. Regardless, if these weak trends in the global 
efficiency were correct they would agree with prior lab findings showing a decrease in 
this metric at 9 dpf. This observed decrease in the metrics of fish imaged on single 
days possibly belies the sparsification of activity seen as visual networks mature 
(Rochefort et al., 2009).  
For the fish imaged on multiple days it is also possible that the minor decrease in 
global efficiency could be a representation of an adaptive mechanism to the stress of 
imaging (Bonaz and Rivest, 1998). The effects of chronic stress on individuals can 
extend to widespread physiological, behavioural and neurological changes. Mice 
exposed to stress events on repeated days show an increase in expression of the 
stress-related neuropeptide Corticotrophin-releasing factor (CRF) (Bonaz and Rivest, 
1998). Whilst CRF expression attenuates over time in chronically stressed animals – 
possibly due to stress-adaptive mechanisms – the expression of other stress factors 
such as enkephalins stays at a high level (Dumont et al., 2000). In mammals these 
stress factors are released from the paraventricular nucleus in the hypothalamus and 
Studying metrics of spontaneous activity in the individual over development 
39 
 
in the larval zebrafish the identified homologue of this region is the neurosecretory 
preoptic area, which lies rostral to the zebrafish hypothalamus (Herget et al., 2014). 
The neuropeptides released from these areas  increase neuronal excitability across a 
number of areas (Bonaz and Rivest, 1998) and thus it is feasible that the chronic stress 
of repeated imaging sessions and post-imaging isolation could lead to significant 
alterations in the connectivity of developing brain regions as a result. It is also known 
that zebrafish visual activity and behaviours are strongly dependent on circadian 
rhythms (Emran et al., 2010), with visual activity mostly terminating during ‘sleep’ 
hours (~10PM – 8AM). While our experiments were performed around midday 
typically, larvae nevertheless spent a number of hours settling in a darkened 
microscopy room before being imaged in darkness under a 2-photon microscope. If 
these repeated alterations to the light/dark cycle affected circadian activity in the larvae 
it is possible that visual activity might have become altered as a result. Alternatively, 
corticosteroids such as those released by larvae during stressful periods (Alsop and 
Vijayan, 2008) can have significant effects on the circadian cycle of 6 – 7 dpf zebrafish 
larvae (Zhao et al., 2018) and possibly also on visual development. Additionally, for 
the purposes of retaining identity, larvae were housed in isolation between imaging 
sessions and there is the chance that this extended isolation could have been 
detrimental to the health of the larvae. However, evidence indicates that zebrafish lack 
of strong social behaviours before the age of 7 dpf (Dreosti et al., 2015) and so this 
was unlikely to be a factor in our results. Finally, delivery of large levels (>100 
mW/mm2) of light to brain tissue can cause significant cellular damage (Cardin et al., 
2010). While our 2-photon laser was invisible to larvae and the setup was calibrated 
to deliver no more than 9 – 12 mW at the imaging plane, it is a possibility that this 
delivery for an hour each day resulted in neuronal damage. Similarly, if the laser 
caused a significant heating effect, it could be that an elevated temperature for 
extended periods would significantly affect neuronal activity and development. While 
zebrafish larvae can tolerate to temperatures up to 33°C (Kimmel et al., 1995), it is 
difficult for us to know what the exact temperature experienced by larvae during our 
experiments. 
Longitudinal experiments (published after the completion of the majority of 
experiments comprising this thesis) by the Sumbre group imaged activity at the single-
neuron level and studied larvae immobilised in agar from 5 through 8 dpf with apparent 
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success (Boulanger-Weill et al., 2017). In these experiments zebrafish larvae were 
electroporated at 4 dpf with a construct for labelling newborn neurons in the tectum 
and the spontaneous and evoked activity of these immature cells was compared to 
that of existing, mature cells. While initially unresponsive and uncorrelated, by three 
days post-electroporation the new cells had become significantly more functionally 
integrated. Of note with respect to our own findings is the stable trend in mean pairwise 
correlations the authors observed within mature neurons over multiple imaging 
sessions, as opposed to the persistent upwards trend in our data. This indicates that 
imaging of the same individual zebrafish over development without significantly 
affecting neuronal activity may be feasible. However, beyond the permanent 
maintenance of individuals within agar there are differences between the 
aforementioned study and this thesis, most notably an imaging laser power of 3mW – 
which is approximately 1/3rd of that used in the experiments of this thesis. 
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Chapter 4 – Deprivation of retinal input significantly affects metrics 
of spontaneous activity 
 
4.1. Introduction 
In studying the role of the retina in patterning parts of the visual system there is 
significant experimental merit in simply removing retinal input entirely. In zebrafish, the 
optic tectum – which receives the majority of retinal input – possesses a retinotopic 
arrangement (Robles et al., 2011). This has been postulated to be driven primarily by 
hardwired molecular cues (Nevin et al., 2008). However, waves of spontaneous 
activity that propagate across the retina are also thought to play a significant role in 
this tectal patterning (Zhang et al., 2016). Hence, the relative influence of both evoked 
retinal input and spontaneous retinal activity on spontaneous activity within the tectum 
remains unclear. Given the question of the relative necessity of the elements that 
pattern of spontaneous activity in the tectum, one route to an answer is to remove the 
eye before it has a chance to influence the tectum, which eliminates the effect of 
spontaneous retinal activity and visual input while preserving inbuilt molecular 
programs.  
Prior literature on removing retinal input in the zebrafish has found little effect on the 
final structure of spontaneous assemblies in the tectum (Pietri et al., 2017). However, 
new neurons are added to the tectum over the lifespan of the zebrafish and must 
integrate with the existing tectal population to perform their roles (Marcus et al., 1999) 
and a study investigating spontaneous activity at the single-neuron level found that 
newborn neurons in the tectum were less correlated with each other as a result of 
enucleation (Boulanger-Weill et al., 2017). These studies however have tended to 
focus on single-cell metrics of a system in which network-level activity and patterns 
may be crucially important to function. Thus, while research exists on the effects of 
enucleation on spontaneous activity within the zebrafish optic tectum, this thesis posits 
that the utilised metrics have failed to capture the full functional architecture, which is 
potentially the root of the disagreement over the necessity of input from the eye in the 
spontaneous activity patterning in the tectum. Hence, we hypothesise that analysis 
with graph theoretic metrics will reveal changes in tectal spontaneous activity and 
functional architecture following retinal deprivation at a young age.  
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4.2. Results 
 
Data in this chapter was collected initially by Zac Pujic and Lilach Avitan (n =1 fish) 
and later by Matthew Van De Poll (n = 10 fish), as per Avitan et al, 2017. Data 
processing was performed by Zac Pujic and Matthew Van De Poll. Analysis of the 
processed data was handled by Lilach Avitan, with custom elements contributed by 
Matthew Van De Poll. 
4.2.1 Enucleation affects first-order neuronal metrics 
The role of spontaneous retinal activity in the patterning of spontaneous activity in the 
zebrafish tectum remains poorly understood. To gain an insight into the effects of 
depriving the tectum of sensory input before the emergence of spontaneous activity 
we removed one or both eyes of larvae at 23 – 25 hpf (Figure 4.1A). Larvae were then 
raised under normal lighting conditions and imaged at 6 dpf. In the unilateral 
enucleation case both the intact and denervated tecta of the larvae were imaged and 
for bilateral enucleation, only one tecta was imaged. 
In terms of the single-cell metric of mean calcium event frequency we found that there 
was a significant decrease at 6 dpf in event frequency from normally reared larvae to 
both intact and denervated tecta of unilaterally enucleated larvae (Figure 4.1B). 
However, there was no difference between normally reared fish and bilaterally 
enucleated fish. Within the unilateral enucleation cases there was a significant 
decrease in event frequency for the denervated tecta as compared to the intact tecta. 
While the two tecta of the zebrafish have traditionally been thought to primarily process 
the information from their respective hemifields (Nevin et al., 2010), these data point 
towards potential interhemispheric connections.  
 
4.2.2 Correlation is increased as a result of enucleation 
Analysis of pairwise neuronal correlations is a useful metric of changes in spontaneous 
activity in the tectum. When we quantify the tectal correlations across various 
distances we find an increase in correlation for all enucleated larvae, compared to 
intact controls (Figure 4.1C). The intact tecta of unilaterally enucleated fish showed an  
Deprivation of retinal input significantly affects metrics of spontaneous activity 
43 
 
  
Figure 4.1: Enucleation and the effect on single-cell metrics as a result. A) An 
illustration of the experimental procedure for enucleation of one (Top) or both 
(Bottom) eyes from a 1 dpf zebrafish larvae. In unilateral enucleations an intact 
(Intact) tecta and denervated (Den) tecta are left and in bilateral enucleations two 
denervated (BE) tecta are produced, as opposed to normally reared (NR) larvae. 
B) Mean calcium event frequencies for normally reared (n = 8), intact (n = 10) and 
denervated (n = 10) tecta of unilaterally enucleated larvae and tecta of bilaterally 
enucleated larvae (n =5). The denervated tecta of unilaterally enucleated larvae 
show a significant decrease compared to both their intact counterpart tecta and the 
tecta of NR and BE larvae, while the intact tecta are also significantly decreased 
compared to NR and BE tecta.. There is no significant difference between the NR 
and BE groups (p < 0.05 for NR vs Intact; p < 0.01 for NR vs Den, Intact vs Den/BE, 
Den vs BE; Wilcoxon rank-sum test with Benjamini-Hochberg correction).  C) Mean 
correlation coefficients over distance for tecta of normally reared, unilaterally 
enucleated and bilaterally enucleated larvae (p < 0.01 for NR vs BE at 0–50, 50–
100, 100–150µm; p < 0.01 for NR vs Den at all distances; p < 0.01 for NR vs Intact 
at all distances; Wilcoxon rank-sum test).  
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intermediate increase in correlation compared to normally reared controls while the 
denervated tecta of these fish and the tecta of bilaterally enucleated fish exhibited a 
significant increase and were also indistinguishable from each other in terms of 
correlation. These findings agree with prior literature on the correlation structure in 
retinally deprived individuals, showing significant changes in tectal metrics as a result 
of enucleation (Pietri et al., 2017).  
 
4.2.3 Mean degree shows significant increases for enucleated fish 
When graph theory is applied to the data of these enucleated larvae (See examples 
in Figure 4.2) it is possible to see changes in the spontaneous activity that are less 
visible without these network metrics. The representation of the tecta of enucleated 
and control individuals as graphs allows their functional properties to be quantitatively 
analysed and compared. Similar to the pairwise correlation results, the mean degree 
of tecta in all enucleated groups was significantly higher than in normally reared 
individuals (Figure 4.3A).  Amongst these enucleated fish there was a significant 
increase in the mean degree from the intact to the denervated tecta of unilaterally 
enucleated fish. Interestingly, where the pairwise correlations of unilaterally 
denervated tecta and bilaterally enucleated tecta were similar, with the mean degree 
it was found that it was the intact tecta that were not significantly different to the 
bilateral enucleation cases. Looking at the degree of the groups plotted as a 
cumulative distributions we find that the distribution of normally reared fish tended to 
be skewed towards smaller degrees while the opposite was true for the bilaterally 
enucleated larvae (Figure 4.3B). With respect to these cumulative distributions the 
intact and denervated tecta of unilaterally enucleated larvae sit between the normally 
reared and bilaterally enucleated larvae. 
 
4.2.4 Mean clustering coefficient increases as a result of enucleation 
In regards to the clustering of nodes within the tectal representations it could be seen 
that normally reared fish possessed the smallest clustering coefficients on average, 
followed by the intact tecta of unilaterally enucleated fish (Figure 4.3C). The 
denervated tecta of unilaterally enucleated larvae and the tecta of bilaterally  
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enucleated fish had the largest clustering coefficients and were significantly different 
to both the normally reared and intact tecta but not each other.  
4.2.5 Denervated tecta show changes in global efficiency compared to controls 
The final graph theory metric for analysis of changes in functional structure as a result 
of enucleation was global efficiency. While there appeared to be a trend towards an 
increase in global efficiency with enucleated larvae, this was not statistically significant 
even for the tecta of bilaterally enucleated larvae (Figure 4.3D).  
  
Figure 4.2: Representative tectal graphs for NR and EN larvae. A) Tectal graph 
from a 6 dpf normally reared individual showing the nodes (triangles) in the tectum 
as well as the significant connections between nodes in the tectum (grey lines for 
intra-PVL connections, orange lines for neuropil-PVL connections) and the neuropil 
(NP) and periventricular layer (PVL) regions labelled. B) As with A, but for a 
unilaterally enucleated individual at 6 dpf. The intact (top) and denervated (bottom) 
tecta of the individual are shown. C) As with A but for a bilaterally enucleated 6 dpf 
individual. 
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Figure 4.3: Enucleation increases most graph theory metrics. A) Mean graph 
degree for normally reared (NR), intact (Intact), denervated (Den) tecta of 
unilaterally enucleated larvae and bilaterally enucleated (BE) tecta. NR larvae show 
a significantly lower mean degree than any enucleated groups, among which Intact 
is significantly decreased compared to Den but not BE (p < 0.01 for NR vs 
Intact/Den/BE, Intact vs Den; one-way ANVOA with Bonferroni correction). B) 
Cumulative probability distributions of graph degree for the four experimental 
groups listed in A, normalised to the maximum degree of each respective group. 
NR fish exhibit more small degrees compared to Intact, Den and BE, respectively. 
C) Mean clustering coefficients for the groups listed in A. A significant increase is 
present for all EN groups compared to the NR group and among the EN groups the  
Den and BE groups are significantly increased compared to the Intact group (p < 
0.01 for NR vs Intact/Den/BE, Intact vs Den/BE; one-way ANOVA with Bonferroni 
correction). D) Global efficiency of the NR and EN groups. No significant difference 
is present between any groups (one-way ANOVA with Bonferroni correction). 
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4.3. Discussion 
In the patterning of spontaneous activity of the zebrafish optic tectum it has been 
argued that early retinal input has a negligible role (Niell and Smith, 2005) or only acts 
to influence the timecourse (Pietri et al., 2017). We deprived larval zebrafish of retinal 
input at 1 dpf – prior to retinotectal innervation – and imaging these larvae at 6 dpf. In 
combination with traditional metrics of single-cell activity and gross network structure 
we applied novel graph theory metrics to our spontaneous activity data to unpick the 
potentially subtle effects of enucleation on these fish.  
Surgical manipulation as a scientific tool to understand the role of sensory afferents is 
a well-established technique and Hubel and Wiesel showed in 1963 that deprivation 
of input to the visual system in kittens led to profound alterations in plasticity (Wiesel 
and Hubel, 1963). Work specifically in zebrafish has shown enucleation to have minor 
effects on single-cell metrics of spontaneous activity, lowering calcium event 
frequency and duration  (Romano et al., 2015). However, in the aforementioned study 
enucleations were performed on larvae aged between 4 and 7 dpf, long after the 
development of retinotectal connections  (Niell and Smith, 2005). In this sense, the 
results are likely more indicative of the effects of acute monocular deprivation than 
they are of retinal deprivation from birth. To study the development of a visual system 
that has never received visual input it is necessary to perform the enucleation 
procedure before 2 dpf in zebrafish (Burrill and Easter, 1994).  
In our work with larvae enucleated at 1 dpf, we found a decrease in the frequency of 
single-cell calcium events in the retinally deprived tecta of unilaterally enucleated 
larvae compared to the intact tecta, similar to what has been shown in literature (Pietri 
et al., 2017). The mean pairwise correlations of this denervated tecta also showed a 
significant increase compared to the mean pairwise correlations of intact tecta. Similar 
to how the spontaneous activity of mouse visual cortices is delayed in its sparsification 
by dark rearing  (Rochefort et al., 2009), it is possible that our observed increase in 
the pairwise correlations within denervated tecta represents a failure of these tecta to 
mature and sparsify, however identifying the mechanisms of such sparsification are 
beyond the scope of this thesis. Ultimately, our analysis with graph theory showed that 
across almost all metrics there was a difference between the intact and denervated 
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tecta, consistent with a strong influence of retinal input in the formation of the structure 
of spontaneous activity.  
One particularly interesting finding was that the intact tecta of unilaterally enucleated 
larvae tended to exhibit responses closer to those of denervated tecta than the tecta 
of normally reared larvae. There are a number of possible explanations for this 
finding, including potential influences of interhemispheric tectal connections, an 
immune response or neurotransmitter imbalance. While interhemispheric 
connections have been studied in zebrafish (Naumann et al., 2016; Nevin et al., 
2010), their role in the patterning of spontaneous activity remains unclear. The 
goldfish Carassius auratus – a common model of visual development – possesses 
transient ipsilateral retinotectal connections (Springer and Landreth, 1977) but these 
ipsilateral connections between the retina and tectum are thought to be absent in the 
zebrafish (Burrill and Easter, 1994). To account for possible interhemispheric 
transfer of retinal information being the patterning source for spontaneous activity we 
removed both eyes from a subset of larvae. The subsequent frequency of calcium 
events in the tecta of bilaterally enucleated larvae was closer to that of normally 
reared larvae than it was to either the denervated or intact tecta of unilaterally 
enucleated zebrafish. There is some evidence in rats for bilateral neurotransmitter 
upregulation following unilateral retinal nerve lesion (Rodger et al., 2005). In 
Fujiyama et al., 2003 it was shown that bilateral denervation can result in a lower 
level of release of injury-associated neurotransmitters than unilateral enucleation 
(Fujiyama et al., 2003) possibly as a result of mechanisms designed to maintain 
symmetry of retinal and cortical maps (Rodger et al., 2005).  
Thus, we find a significant role of retinal input in the patterning of tectal spontaneous 
activity, both at the single-cell level and in network level activity. Our results indicate 
that the patterning of spontaneous activity in the zebrafish optic tectum that occurs 
during early development is not wholly intrinsic but rather is influenced by both retinal 
input and hardwired programs. This stands opposed to previous literature which 
attributed patterning and development almost exclusively to genetic programs (Nevin 
et al., 2008; Pietri et al., 2017). We also uncover evidence for a potential bilateral effect 
of unilateral denervation on the formation of the tectal functional architecture in our 
larvae, something that has been shown in the goldfish (Springer and Landreth, 1977) 
and rat (Rodger et al., 2005) but not to date in zebrafish.  
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Chapter 5 – The developmental visual environment persistently 
influences spontaneous activity 
 
5.1. Introduction 
In humans and other animals the development of the brain is susceptible to 
perturbations during growth that can have long-lasting effects on the wiring and 
functioning of brain regions (Hübener and Bonhoeffer, 2014). For the purposes of 
neuroscience, controlled perturbations can be a useful tool to probe the development 
of systems under altered conditions and studying the plasticity of particular brain 
regions provides valuable information on the development, organisation and function 
of computational units (Rauschecker, 1991). For example, chronic displacement of the 
visual field in owls via glass prisms leads to behavioural misalignments with partial 
adaptation (Knudsen and Knudsen, 1989). Cellular atrophy and redistribution of ocular 
dominance occur in kittens where the visual input is reduced to darkness by surgical 
closure of the eyelids (Wiesel and Hubel, 1963). In rodent models the absence of 
features for the stimulation of various sensory modalities has significant and persistent 
effects such as altering circadian rhythms and increasing aggressive behaviour (Abou-
Ismail et al., 2010). Thus, alterations to the visual environment provide a means to 
understand the capacity of cells in the visual system to adapt to the environment and 
the stability of these changes over development (Rose et al., 2016). 
Raising animals in the dark has been used in the past to study the role of visual 
experience in the patterning of visual structures as it reduces the input received by 
visual processing centres to spontaneous retinal activity (Zhang et al., 2016) and 
intrinsic cellular factors (Nevin et al., 2008). In the developing rodent cortex there are 
synchronous waves of activity involving up to 75% of all neocortical neurons and 
occurring at very slow rates (~0.01 Hz; Rochefort et al., 2009). Over time, at the age 
at which the eyes open for the first time, these waves increase in frequency while 
decreasing in the fraction of synchronously activated neurons. In animals reared in 
darkness there is a delay in this change in neuronal activity by 3 – 4 days. For mice 
this points towards a role of visual input in cortical patterning but with intrinsic 
mechanisms being the dominant driver that pushes the system towards the mature 
state. Similarly, measures of neuronal correlation show a transition during 
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development from a highly correlated initial state to a decorrelated mature state in the 
mouse neocortex (Golshani et al., 2009). In this case, deprivation of sensory input to 
the barrel cortex had no apparent effect on the standard profile of spontaneous activity 
development. In the goldfish, spontaneous activity over development has not been 
studied but experiments rearing individuals in darkness or with continuously strobing 
light (to drive pan-retinal activity at a shared frequency) show changes to retinotectal 
maps and receptive fields as a result (Schmidt and Eisele, 1985). Similarly, acute dark 
rearing reduces dendritic arborisation in the tectum of Xenopus larvae (Sin et al., 
2002). 
Previous experiments in zebrafish have tended to show no overt effects of dark rearing 
on the visual system (Easter and Nicola, 1996; Lowe et al., 2013; Niell and Smith, 
2005). Rather, prior research with single-cell metrics has indicated that intrinsic wiring 
mechanisms are the primary source of patterning of activity in the tectum (Nevin et al., 
2008). However, we now know from our experiments with enucleated larvae that 
retinal input plays an important role in the patterning of spontaneous activity. What 
remains unknown is the necessity of features and coherence in visual input with 
respect to the patterning of spontaneous activity in the tectum. Thus, by perturbing the 
visual environment of the developing larvae we can identify the role that elements of 
the visual scene play in the patterning of spontaneous activity and it is our hypothesis 
that this spontaneous activity will adjust according to the visual statistics of our 
experimental conditions. By incorporating a behavioural metric we can also assess the 
linkages between effects of an altered visual environment on spontaneous activity and 
behavioural output.   
From an early age the larval zebrafish possesses a library of behaviours that allow it 
to effectively navigate the environment and hunt prey. The optomotor response acts 
to stabilise larvae within a moving visual environment and is reliant on circuits within 
the pretectum (Naumann et al., 2016) while the optokinetic response is a tracking 
behaviour that stabilises objects in the visual field (Orger, 2016). Hunting behaviours 
in particular are critical to the survival of the zebrafish and rely heavily on the visual 
system and optic tectum, although other modalities assist with effective prey capture 
(Gahtan et al., 2005; Westphal and OMalley, 2013). Interestingly, the decision whether 
or not to approach a potential prey item is not a binary discrimination in zebrafish but 
rather is dependent on satiety (Filosa et al., 2016). Projections from hindbrain 
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homeostatic centres to the tectum modulate the decision to approach or avoid stimuli 
based on a risk/reward balance centred around the target’s apparent size. The 
retinotopic nature of the tectum is used by larvae to adjust their angle and velocity on 
approach to prey items before engaging in terminal approach phase actions (Patterson 
et al., 2013). Studies quantifying the ability of the larval zebrafish to hunt at 5 dpf find 
that ablation of the tectum significantly decreases consumption of Paramecia prey 
items (Muto et al., 2017). Similarly, vision-impaired zebrafish mutants such as lakritz 
– in which retinal ganglion cells never develop (Kay et al., 2001) – exhibit hunting 
efficacy on par with wild-type larvae tasked with capturing Paramecia in complete 
darkness (Gahtan et al., 2005).  
With regards to interactions between spontaneous activity and behaviour, some 
zebrafish work has shown that spontaneous activity within the tectum can predict 
behavioural output (Romano et al., 2015). Additionally, sustained spontaneous activity 
within the tectum is thought to underlie aspects of motion perception for zebrafish 
larvae (Pérez-Schuster et al., 2016). Clearly then there are links between the 
behavioural output of the individual and its internal neuronal state, but whether this 
can be seen in larvae reared under altered environmental conditions remains 
unexplored.  
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5.2. Results 
 
The featureless rearing experiments in this chapter were performed by Matthew Van 
De Poll, including preparation, imaging (n = 8), data processing, behavioural assay 
and parts of the analysis. Zac Pujic assisted with imaging (n = 1), data processing and 
the behavioural assay and analysis was performed by Lilach Avitan. 
The dark rearing results arose from work performed by Zac Pujic as detailed in Avitan 
et al., 2017. Processing and analysis were done by Lilach Avitan, Zac Pujic and 
Matthew Van De Poll. 
5.2.1 Dark-rearing fish changes first-order neuronal metrics 
To study the importance of visual input in patterning tectal spontaneous activity we 
reared zebrafish larvae in darkness from shortly after birth until 6 dpf (n = 8 fish). In 
these fish, the tectum received no evoked activity from the retina, as opposed to 
normally reared controls, which were raised under a normal light/dark cycle (n = 9 
fish). Both sets of larvae were imaged for spontaneous activity at 6 dpf. 
The mean frequency of calcium events was not significantly different between dark 
reared and normally reared control fish (Figure 5.1A). This was similar to prior 
literature showing little change in single-cell metrics of spontaneous activity as a result 
of dark rearing (Niell and Smith, 2005). 
Analysis of the pairwise correlation coefficients for short-ranged pairs of neurons 
(separated by <50 µm) showed a statistically significant decrease in dark reared larvae 
as compared to normally reared larvae (Figure 5.1B). This finding differs from a 
reported absence of effect of dark rearing with respect to evoked activity responses in 
the zebrafish tectum (Niell and Smith, 2005) although the decrease we observe is 
small and not sustained at distances larger than 50 µm.   
 
5.2.2 Graph theory metrics show significant changes as a result of dark rearing 
To understand better the subtle changes in neuronal architecture that may have 
resulted from dark rearing we next applied graph theory to the data from these larvae. 
The graph theory metrics obtained by analysing the network structure of the tectal  
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graph representation provided information on the effects of this altered rearing 
environment on the functional arrangement of the tectum.  
Analysis of the mean graph degree indicated that dark reared fish had lower degree 
values on average as compared to normally reared controls (Figure 5.2A). Thus, in 
dark reared fish there was a decrease in overall network functional connectivity, 
concurrent with some of our observations of a decrease in short-ranged correlations 
in these fish. Plotting the distribution of the degree for dark reared and normally reared 
fish revealed that the distributions were significantly different and both were clustered 
towards large numbers of small degrees (Figure 5.2B). 
Looking next at a measure of segregation within the graph – mean clustering 
coefficient – we found that dark reared fish had less segregated tecta than normally 
reared fish (Figure 5.2C). In this respect, in addition to the lower overall connectivity 
highlighted by decreases in the mean degree there was also less locally clustered 
connectivity in the dark reared larvae.  
 
Figure 5.1: Effects of rearing of zebrafish larvae under a dark environment. A) 
Mean calcium event frequencies of normally reared (NR; n = 9) fish in comparison 
to dark reared (DR; n = 8) fish. No statistically significant difference is present 
between the groups (p = 0.56; two-sample t-test). B) Correlation coefficients over 
distance for PVL neurons in DR fish show a decrease at short range (0 - 50µm) as 
compared to NR fish, and an apparent increase at long ranges (>150 µm; p < 0.01 
for <50µm, 100 – 150µm; Wilcoxon rank sum test with Benjamini-Hochberg 
correction).  
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Finally, we calculated per fish the global efficiency based on the average of the inverse 
shortest path lengths between nodes. While there was an apparent decrease in global 
efficiency compared to normally reared fish, this was not statistically significant (Figure 
5.2D). 
Figure 5.2: Graph theory metrics decrease due to dark rearing. A) Mean graph 
degree of DR fish over neurons shows a statistically significant decrease as 
compared to NR fish (p < 0.01; Two-sample t-test). B) Plotting of the cumulative 
distributions of graph degree values as proportions of  the maximum degree (within 
each group) for DR (green) and NR (purple) fish shows that both NR and DR fish 
possess mostly small degrees and DR fish tend to possess higher numbers of small 
degrees on average compared to NR fish (p < 0.01; Kolmogorov-Smirnov test). C) 
The mean clustering coefficient of DR fish exhibits a decrease in comparison to NR 
fish (p < 0.01; Two-sample T-test). D) Global efficiency shows a slight but non-
significant decrease in DR fish (p = 0.29; Two-sample T-test). 
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5.2.3 Hunting behaviour is significantly and persistently affected by dark 
rearing 
So far we have only looked at the effects of altered visual environments through the 
lens of changes in spontaneous activity metrics and thus to obtain a more complete 
picture of the effects of these conditions on zebrafish larvae we incorporated a 
behavioural assay. Dark reared zebrafish larvae were placed individually into small 
petri dishes containing 50 Paramecia prey organisms apiece and left to hunt for 1 hour 
under room light conditions. Fish were assayed at 6 dpf and then placed in communal 
housing under normal lighting conditions until 9 dpf, when they were assayed for the 
second time. For the dark reared fish, the assay at 6 dpf was their first exposure to a 
light environment and for both groups this was their first time encountering prey. 
Figure 5.3: Rearing fish in the dark has persistent effects on behaviour. 
Paramecia consumed over a 1hr span by DR and NR fish at 6 and 9 dpf. DR fish 
show significantly decreased numbers of Paramecia consumed at 6 dpf that is 
maintained until 9 dpf, despite being returned to normal visual conditions after 6 
dpf (NR 6 dpf vs DR 6 dpf p < 0.01, NR 9 dpf vs DR 9 dpf p < 0.05, DR 6 dpf vs DR 
9 dpf p < 0.01; Wilcoxon rank sum test, Benjamini-Hochberg multiple comparison 
correction). 
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At 6 dpf dark reared fish (n = 18 fish) caught significantly lower numbers of Paramecia 
compared to control fish (n = 12 fish; Figure 5.3). The second assay at 9 dpf showed 
dark reared larvae as significantly improving in hunting ability in comparison to their 
performance at 6 dpf but still consuming less Paramecia than normally reared controls 
(Figure 5.3). Thus, dark rearing has a long lasting behavioural effect in addition to the 
observed changes in neuronal metrics of spontaneous activity. 
 
5.2.4 Featureless-rearing affects simple neuronal metrics 
How important is spatially structured visual input in the formation of spontaneous 
activity? Having observed that the complete absence of visual input in the dark reared 
larvae had a significant effect on tectal spontaneous activity we next investigated the 
necessity of coherence in visual input. Hence, a group of zebrafish larvae were reared 
in a light but featureless environment that lacked distinct edges or contours. As with 
the dark rearing protocol these featureless reared larvae (n = 9 fish) were raised until 
6 dpf under the altered visual conditions, imaged with 2-photon microscopy at 6 dpf  
Figure 5.4: A featureless environment changes single-cell metrics. A) Mean 
calcium event frequencies of neurons in the tectum for normally reared (NR; n = 
9) fish and featureless reared (FR; n = 9) fish. No statistically significant difference 
is present between the groups (p = 0.86; Two-sample T-test). B) FR fish exhibit 
higher correlation coefficients on average across short distances as compared to 
NR fish (p < 0.01 for 0 – 50µm, 50 – 100µm; p < 0.05 for 100 – 150µm; Wilcoxon 
rank sum test with Benjamini-Hochberg correction). 
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and compared to a group of normally reared clutchmate fish imaged on the same 
microscope (n = 8 fish).  
 
Figure 5.5: Graph theory metrics change due to featureless rearing. A) FR fish 
show a significant increase in mean degree as compared to NR fish (p < 0.01; Two-
sample t-test). B) Plotting of the cumulative distributions of graph degree values as 
proportions of the maximum degree for FR (blue) and NR (purple) fish shows that 
the distribution of both groups is skewed towards large numbers of small degrees. 
The distribution of degrees is significantly different between FR and NR fish in that 
FR fish tend towards larger degrees than NR controls (p < 0.01; Kolmogorov-
Smirnov test) C) FR fish have an increase in clustering coefficients as compared 
to NR fish (p < 0.01; Two-sample T-test). D) FR fish show a trend towards 
increased global efficiency but this difference is not significant (p = 0.07; Two-
sample T-test). 
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At the single-cell level there was no significant difference in mean calcium event 
frequency between featureless reared and normally reared fish (Figure 5.4A), 
consistent with results from the dark reared fish and from other studies (Niell and 
Smith, 2005).  
However, like the dark reared fish, featureless reared fish had differences in the mean 
pairwise correlation coefficient as compared to their normally reared controls. Between 
neurons separated by <50 µm, 51 – 100 µm and 101 – 150 µm there was a statistically 
Figure 5.6: Featureless rearing has persistent effects on behaviour.  
Paramecia consumed over 2 hours by NR, FR and featureless reared control 
(FRC) fish. FR fish consume more Paramecia at 5 dpf than NR controls but this 
difference is not conserved at 9 dpf and at both ages FR fish are statistically 
indistinguishable from FRC fish. NR fish consume less Paramecia at 5 dpf than 
either FR or FRC fish but by 9 dpf consume similar numbers while also showing 
an improvement in comparison to their 6 dpf performance (p < 0.01 for NR 5 dpf 
vs FRC 5 dpf/FR 5 dpf; p < 0.05 for NR 5 dpf vs NR 9 dpf; p = 0.28 for NR 9 dpf vs 
FRC 9 dpf; p = 0.06 for NR 9 dpf vs FR 9 dpf;  Wilcoxon rank-sum test with 
Benjamini-Hochberg correction). 
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significant increase in mean correlation in featureless reared larvae compared to 
normally reared larvae (Figure 5.4B).  
 
5.2.5 Metrics of graph connectivity show effects of featureless rearing 
Given that the pairwise correlation coefficients increased within the tecta of the 
featureless reared fish – and as was done for the dark reared fish – we applied graph 
theory to investigate possible effects of this altered visual environment not detectable 
with single-cell metrics. 
The mean degree of featureless reared fish showed a statistically significant increase 
in comparison to normally reared controls (Figure 5.5A). On average, featureless 
reared fish possessed a mean degree almost 3 times higher than normally reared 
control larvae, implying a significant alteration in tecta functional architecture had 
occurred. Plotting of the degree distribution of featureless reared and normally reared 
fish again showed the presence of large numbers of low-degree nodes in the tecta of 
these fish, along with a statistically significant trend towards a higher proportion of 
large degree nodes for FR fish (Figure 5.5B). 
In featureless fish, there was a significant increase in the mean clustering coefficients, 
representing an increase in the graph segregation and functional clustering for these 
fish (Figure 5.5C).  
Global efficiency in featureless reared fish trended towards an increase, but the result 
was non-significant (Figure 5.5D). Thus, while there are significant increases in mean 
degree and mean clustering coefficient for these larvae, there was no significant 
change in global efficiency. This lack of significance is similar to that observed with the 
global efficiency of dark reared larvae.  
 
5.2.6 Performance in a hunting assay is improved for featureless reared fish 
Based on our findings of a significant and persistent deficit in hunting ability in fish 
reared in complete darkness, we performed a feeding assay on fish reared in a 
featureless environment (n = 22 fish) and compared their hunting abilities against 
normally reared controls (n = 36 fish). As a result of experience gained from running 
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the dark reared feeding assay and to maintain consistency with parallel experiments, 
the duration of this assay was extended to 2 hours and the first timepoint was changed 
to 5 dpf. After this assay at 5 dpf featureless reared fish were placed into communal 
housing under normal lighting conditions and fed daily until the second assay at 9 dpf. 
As behavioural assays for other projects in the lab had indicated as to the possibility 
of significant behavioural variability between clutches of larvae we repeated the assay 
over a number of weeks. 
After pooling, the data from these assays showed featureless reared larvae (n = 22 
fish) as consuming significantly more Paramecia at 5 dpf than normally reared control 
larvae (n = 36 fish) but this significance was not maintained at 9 dpf (FR n = 19 fish; 
NR n = 32 fish; Figure 5.6). Notably, the consumption of Paramecia exhibited by 
featureless reared larvae in these data sets was not significantly different from the first 
to the second assays but the normally reared larvae showed a significant improvement 
at the second timepoint of 9 dpf. 
To unpick possible explanations for the observed feeding behaviour differences seen 
in the featureless reared larvae we reared a subset of larvae in isolation within 
chambers almost identical to the ones used for the featureless reared larvae but for 
transparent walls (so as to not occlude of the visual environment). These featureless 
reared control (FRC) larvae showed feeding behaviour that was not significantly 
different from the featureless reared larvae (Figure 5.6). This indicated that the 
behavioural differences presented by the featureless reared larvae in comparison to 
normally reared larvae were potentially an effect of the isolation of the former’s rearing 
environment.  
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5.3. Discussion 
In the past the wiring of the zebrafish tectum has been thought to be a relatively 
inflexible and predetermined process (Nevin et al., 2008). This has been supported by 
literature showing developmental dark rearing as not affecting receptive field size or 
morphology (Lowe et al., 2013) or inducing only a slight decrease in visual acuity (Niell 
and Smith, 2005). In the goldfish however, a study on the receptive fields of fish 
maintained under various visual conditions during optic nerve regeneration showed 
changes to receptive field metrics as a result of dark rearing (Schmidt and Eisele, 
1985). However, while literature exists on the effects of altered visual conditions on 
visual patterning, little of it pertains to spontaneous activity. We obtained quantitative 
data on spontaneous activity in the zebrafish tectum after rearing larvae in dark or 
featureless environments and with metrics of functional network structure we find 
changes in the zebrafish tectum as a result of altered visual regimes.  
Whilst the mean frequency of calcium events was the same in fish reared under normal 
and dark conditions, we saw a small change in correlation between neurons separated 
by short distances, similar to findings from prior studies of spontaneous activity in 
zebrafish (Pietri et al., 2017). However, while metrics such as calcium event frequency 
and pairwise correlation coefficients are relatively simple to calculate and quantify, 
their ability to explain the underlying structure of systems is lacking and so it can be 
useful to incorporate more advanced, network-level metrics.   
When we represent the tectum of the zebrafish as a graph, it can be seen in normally 
reared fish that nodes are on average connected to only a small number of other 
nodes, with a few being more highly connected. However, in dark reared individuals 
the functional microcircuit structure appeared to be altered, with a decrease in the 
average degree of nodes implying a decrease in local functional connectivity as a 
result of the altered rearing environment. Similarly, nodes in the tecta of dark reared 
zebrafish tended to be less clustered than those of normally reared controls. This 
indicates to us that the lack of visual stimuli may impair the formation of spontaneously 
active tectal microcircuits. 
This seemingly impaired development of functional architecture is consistent with the 
results from our feeding assay on the dark reared larvae in which we find a significant 
decrease in hunting ability. While literature exists on zebrafish larvae assayed for 
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hunting performance in the dark (Gahtan et al., 2005; Patterson et al., 2013; Westphal 
and OMalley, 2013), little has been done with larvae reared in the dark but assayed 
under light conditions. It must be noted here that our assay was not capable of 
dissociating a decrease in numbers of Paramecia consumed due to impaired hunting 
ability versus a reduced appetite. As zebrafish larvae consume prey according to 
metabolic needs (Jordi et al., 2015), it is possible that dark reared larvae were less 
active during development and thus had a reduced energy requirement at 6 dpf. 
However, blind lakritz mutants perform swimming movements at the same 
approximate rate as wild-type animals (Gahtan et al., 2005), implying that a 
developmental lack of visual input does not lead to a sedentary lifestyle in zebrafish. 
The improvement in Paramecia capture rates for both normally reared and dark reared 
larvae at 9 dpf is consistent with fusion of feeding manoeuvres and increased accuracy 
of strikes observed in older zebrafish (Westphal and OMalley, 2013).   
Thus, whilst our results for single-cell metrics in dark reared larvae agree with past 
literature, we find with an investigation of higher-order metrics that there are functional 
changes in the optic tectum induced by this altered visual condition and these results 
are also present in a change in feeding behaviour.  
In contrast to the general decrease in correlation and graph theory metrics seen in the 
dark reared fish, we saw an increase in these same metrics in featureless reared 
larvae. While the frequency of spontaneous events is unchanged by featureless 
rearing, the mean correlation between neurons showed an increase at all binned 
distances, which was in line with the statistical structure of the visual environment. Our 
graph theory findings further support the idea of a general increase in correlation 
between neurons as a result of featureless rearing, with the observed increases in 
mean degree and clustering coefficients implying the presence of significant changes 
in functional connectivity.  
The finding that featureless rearing leads to an increase in correlation and functional 
connectivity is unsurprising. It is likely that the effect of the featureless rearing 
environment on the tectum is nonspecific neuronal activation. Such synchronised 
activation is one possible explanation for the increase in pairwise correlations and 
clustering seen in the tecta of these fish (Schmidt and Eisele, 1985). In this regard, the 
correlational structure of the tectum mirrors the statistics of the visual environment in 
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that the featureless rearing enclosures lacked contours capable of inducing 
decorrelated visual input. However, the absence of completely correlation in the 
tectum of these larvae implies that there are still intrinsic mechanisms and wiring 
systems working to segregate neurons into functional groups, or that it is infeasible for 
neurons separated by large distances to form correlated groups, even under the case 
of synchronous, broad scale input.  
It was an unexpected finding that featureless reared larvae appeared to be superior in 
hunting performance with respect to normally reared larvae in a feeding assay. In a 
similar feature reduced rearing paradigm, goldfish developed incomplete and enlarged 
receptive fields (Schmidt and Eisele, 1985), which would be expected to impair hunting 
performance. The lack of significant difference between the feeding behaviour of the 
featureless reared and featureless reared control fish – wherein the latter group was 
also raised in isolation but received otherwise normal visual input – may imply that the 
increase in feeding rate seen in these groups as compared to normally reared larvae 
is possibly a factor of isolation. There is evidence in rodent models for an improvement 
in spatial memory and behaviour in certain tasks as a result of developmental isolation 
(Pisu et al., 2011) but similar studies or potential mechanisms of action in the zebrafish 
remain unexplored. Notably, by 9 dpf the feeding performance of normally reared 
larvae was statistically indistinguishable from featureless reared larvae while the 
featureless larvae did improve in performance in this time period. This implies perhaps 
that the performance reached by these featureless reared larvae was potentially a 
hastened attainment of a developmental maximum performance (Westphal and 
OMalley, 2013), rather than an outright increase above normal levels. Additionally, the 
move from the featureless environment to the normal visual environment for the 
featureless reared larvae after the first assay at 6 dpf may also acted to equalise the 
visual properties of these larvae. Although dark reared larvae showed persistence in 
their impaired feeding performance even after a similar move to a normal visual 
environment it is possible that the featureless rearing improvement has a less 
permanent effect. 
Although the work comprising this thesis lacked an anatomical component, from the 
spontaneous activity metrics it is possible to make a number of inferences as to the 
functional system architecture. First of all, in both dark and featureless reared larvae 
there was a decline in the pairwise-correlation as distance increased, which implies 
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that tectal connections are mostly local, with few long-distance projections, consistent 
with the retinotopic nature of the tectum (Robles et al., 2011). The distribution of graph 
degrees (Figure 5.2C, Figure 5.5C) implies that the small subset of neurons 
possessing high correlations with long-range neighbours are possibly acting as ‘hub’ 
neurons in an arrangement common to biological networks (Barabási and Oltvai, 
2004). 
A potential further investigation of the questions would be longer-term experiments to 
characterise the permanency of the changes in spontaneous activity elicited by dark 
and featureless rearing. Given that dark reared zebrafish showed differences in 
feeding behaviour relative to normally reared fish even at 9 dpf – after 3 days of 
exposure to standard lighting conditions – it is possible that the neuronal changes 
observed were at least partially permanent in nature. This could also be integrated 
with existing theories of critical periods in neuronal development in that an experiment 
with larvae undergoing different durations and time periods in an altered rearing 
environment would help elucidate the presence or absence of such a critical period in 
zebrafish tectal development. Finally, studying evoked activity in dark and featureless 
reared fish would allow for mapping of receptive fields – something that has not been 
done in featureless reared zebrafish larvae – and would permit a better understanding 
of changes in the functional architecture of the tectum under conditions of active 
processing as well as the interactions between spontaneous and evoked activity.   
Hence, we show here that the zebrafish optic tectum has spontaneous activity that is 
less hardwired than has been suggested previously and there is a profound and 
persistent influence of the rearing environment on its functional structure as interpreted 
through spontaneous activity. We find that completely dark and featureless 
environments have effects on tectal spontaneous activity in line with their respective 
visual properties. These findings have applications particularly in understanding the 
interactions between the developmental environment and the functional architecture 
of the vertebrate brain and how this can be reflected in behaviour. 
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Chapter 6 – Discussion 
 
6.1. Summary of results 
In this thesis, the development, origins and behavioural links of spontaneous activity 
in the larval zebrafish have been explored. Chapter 3 detailed a study of how various 
metrics of spontaneous activity change over early development in larvae. It was found 
that current experimental protocols did not appear to allow for repeated imaging of the 
same individual without deleterious network-level effects on spontaneous activity in 
the optic tectum. In Chapter 4 we investigated the necessity of the retinal afferent for 
patterning of spontaneous activity in the tectum and observed that removal of one or 
both eyes had a significant and sustained effect on metrics of functional architecture. 
Following on from this experiment, in Chapter 5 we raised zebrafish under altered 
visual conditions to study the importance of visual features in the development of 
spontaneous activity. Rearing zebrafish from birth in either a dark or featureless 
environment affected tectal functional architecture in a unique manner for both groups. 
Follow-up behavioural assays revealed persistent changes in behaviour as a result of 
both rearing conditions. Thus, this thesis has investigated the form of spontaneous 
activity within a vertebrate model and through various perturbations has shown that it 
is more malleable than postulated by prior literature and has significant ties to 
behaviour.    
 
6.2. Development of spontaneous activity 
Experiments mapping the development of visual properties in the zebrafish showed 
that spontaneous tectal activity appears around the same time as retinal innervation 
at 2.5 – 3 dpf (Niell and Smith, 2005). In these experiments there was seemingly little 
change in simple metrics of spontaneous activity from 3 to 9 dpf, although evoked 
activity showed minor alterations. More recent literature investigating spontaneous 
activity within the larval zebrafish over development has revealed potential changes 
from 2.5 to 8 dpf, according to single cell metrics (Pietri et al., 2017). 
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6.2.1 Findings from imaging spontaneous activity over development 
In previous work with fish imaged on single days we found that there were distinct 
changes over development in multiple metrics of spontaneous activity within the 
zebrafish optic tectum. Calcium event frequency peaked at 5 dpf and decreased at 8 
dpf and a similar trend was seen in pairwise neuronal correlations and the graph theory 
metrics of mean degree, mean clustering coefficient and global efficiency. In this thesis 
I attempted to replicate these findings with a group of larvae imaged on repeated 
occasions to answer questions about the nature of the variability seen in the metrics 
of fish imaged on single days. Instead, repeated imaging sessions had a negative 
effect on most of the metrics used to quantify functional connectivity. While our 
previous work and literature (Pietri et al., 2017) has shown a relatively stable profile of 
pairwise correlations over age, in the results of this thesis there was a persistent 
change in this metric that could not be explained solely by the age of the individual. 
It is a possibility that the inconsistencies observed in this data compared to prior work 
(Avitan et al., 2017; Pietri et al., 2017) are a result of a  larval stress response after 
repeated exposure to a 2-photon laser and embedding/excision from agarose. 
Zebrafish exposed to stress events exhibit increased levels of stress hormones and 
show reduced feeding behaviours (Marco et al., 2014) while chronic stress induces 
cellular changes in the rat brain (Bonaz and Rivest, 1998) and so it is not infeasible 
that the repeated stressful imaging sessions were the primary cause of the observed 
changes in spontaneous activity metrics.  
6.2.2 Conclusions from imaging zebrafish larvae at multiple timepoints 
The logic of using the same individual over multiple timepoints to develop an accurate 
profile of spontaneous activity is undeniable however it appears that the major hurdle 
with doing such an experiment is executing it in a manner that does not stress the 
individual. While experiments imaging tectal activity in the individual zebrafish tectum 
over multiple days have been done (Boulanger-Weill et al., 2017), they concerned the 
integration and activity of single neurons. It appears then that stress is a potential 
source of variability that exceeds even the variance brought upon by the usage of 
different fish. Zebrafish have already been proposed as a potential model for the 
effects of a wide range of stressors (Steenbergen et al., 2011). Interestingly, elevated 
cortisol levels – the primary stress hormone in humans – are detectable in 
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mechanically stressed larvae from approximately 4 dpf onwards (Alsop and Vijayan, 
2008). The release of such stress hormones has been linked to significant changes in 
larval circadian rhythms (Zhao et al., 2018) and so it is possible that stress could act 
to affect the formation of spontaneous activity either directly through alterations in 
neuronal activity within the tectum or indirectly via modifications to circadian circuitry. 
In its role as a multisensory integrator (Del Bene et al., 2010), activity within the tectum 
is influenced by homeostatic mechanisms such as hunger (Filosa et al., 2016) and 
thus it is not infeasible that changes in the zebrafish sleep cycle or physiological stress 
could have significant effects on tectal spontaneous activity. Whether such a reaction 
is the source of the increase in our functional connectivity metrics is unknown, and so 
this work is a potential prelude to a novel study on the effects of developmental stress 
or purposeful modifications to the circadian rhythm on spontaneous activity in the 
zebrafish. Such studies would be both a useful clarification of the results obtained in 
this thesis with regards to repeated imaging and also an insight into the effects of other 
biological perturbations on spontaneous activity.  
With regards to the original experimental aims, the simplest method for minimising 
mechanical stress during repeated imaging sessions would seem to be not removing 
the larva from the imaging medium.  However as the larval yolk sac only sustains the 
larva until 5 dpf (Gahtan et al., 2005), there is the distinct possibility that depriving 
individuals of a source of food beyond this could have effects on tectal activity unless 
a means were implemented to feed larvae within the agar. That is not to say however 
that a study of zebrafish spontaneous activity up till 4 dpf would lack merit, as there 
are significant and interesting processes occurring during this early stage of 
development (Dreosti et al., 2015; Pietri et al., 2017; Westphal and OMalley, 2013). If 
social isolation between imaging sessions is an issue, returning the larvae to 
communal housing amongst morphologically distinct wild-type larvae (Lister et al., 
1999) would potentially resolve this issue without compromising the retrieval of 
individuals for repeated imaging. 
 
6.3. Potential origins of spontaneous activity in the brain 
There exist multiple hypothesised sources for patterning of spontaneous activity within 
the zebrafish brain. It has been stated in the past that the functional arrangement of 
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the tectum is determined by hardwired molecular cues (Nevin et al., 2008) and that 
spontaneous activity is defined by the arrangement of axonal projections (Mohajerani 
et al., 2013), independent of retinotectal connections. However, there also exist 
spontaneous waves of activity in the zebrafish retina that propagate into the tectum 
(Zhang et al., 2016) and in cats the deprivation of visual input during early life leads to 
alterations in cellular morphology and functional connections within the visual cortex 
(Wiesel and Hubel, 1963). Additionally, the timepoint at which eye opening occurs in 
juvenile mice is associated with a sparsfication in activity that is important for later 
stimulus processing and is delayed by deprivation of visual input (Rochefort et al., 
2009). Thus, a central question of this thesis was whether spontaneous activity would 
arise normally in a zebrafish tectum deprived entirely of retinal input.  
Prior literature investigating the importance of the retinotectal connections during 
development in the formation of spontaneous activity within the zebrafish has shown 
that enucleation only delays the onset of tectal maturation (Pietri et al., 2017). Up until 
8 dpf, enucleated larvae show significant differences in multiple metrics of 
spontaneous activity compared to controls, after which they converge. In the mouse 
barrel cortex, sensory deprivation has no apparent effect on the desynchronization of 
spontaneous activity (Golshani et al., 2009). Other research corroborates this story in 
zebrafish, with only minor differences in spontaneous assemblies and simple metrics 
of neuronal activity noted (Romano et al., 2015). 
6.3.1 Effects of enucleation on spontaneous activity 
We performed either unilateral or bilateral enucleations on zebrafish larvae at 1 dpf 
and imaged the larvae at 6 dpf. We found that enucleation had a significant effect on 
the tectal functional architecture, as analysed through graph theory metrics. It is 
possible that our metrics for enucleated and normally reared larvae would have 
converged at later ages, as per literature (Pietri et al., 2017) but we chose to image 
larvae at 6 dpf. Beyond 6 dpf larvae begin to rely heavily on prey capture for 
sustenance (Gahtan et al., 2005) and thus, larvae that cannot hunt effectively – such 
as those that have been unilaterally and bilaterally enucleated – will be at a nutritional 
disadvantage, which affects activity within the tectum (Filosa et al., 2016). With 
regards to our results, while the calcium event frequency of bilaterally enucleated 
larvae was similar to that of controls, unilaterally enucleated tecta curiously showed a 
Discussion 
69 
 
significant decrease. It can be conjectured that the asymmetry introduced to the two 
tecta of unilaterally enucleated larvae had a profound effect on spontaneous activity 
through an ‘imbalance’ mechanism. The likely communicator of this imbalance would 
be interhemispheric connections between the two tecta, which were earlier 
hypothesised to explain the differences between the intact tecta of unilaterally 
enucleated larvae and the tecta of control larvae. These interhemispheric connections 
are thought to underpin binocular integration in the zebrafish (Naumann et al., 2016) 
and similar processes in rodents (Giolli et al., 1984). In rodent models these 
interhemispheric pathways also mediate bilateral neurotransmitter upregulation 
following unilateral insult (Rodger et al., 2005). Interestingly – and similarly to our 
findings – some bilateral effects – such as upregulation of certain neurotransmitters – 
are more pronounced following unilateral injury than for bilateral injury. It is also 
possible that the effect seen in the unilaterally enucleated larvae could represent a 
mechanism of synaptic compensation, similar to  a broadening of orientation tuning 
observed in cells of the human visual cortex following acute deprivation of visual input 
in part of one hemifield (Gannon et al., 2017).   
In comparison to the work of Pietri and colleagues (Pietri et al., 2017), we find a 
significant dependence of the eventual form of spontaneous activity on retinotectal 
connections. Whilst larvae were imaged at different ages between said study and this 
work – 3, 5 and 8 dpf against 6 dpf, respectively – a number of differences can 
nonetheless be noted. Where the prior research finds a significant increase in calcium 
event frequency in the denervated tecta of enucleated larvae at 8 dpf, we note a 
decrease in calcium event frequencies in our unilaterally enucleated larvae at 6 dpf. 
Simple explanations include the usage of different calcium indicators – GCaMP3 and 
GCaMP6s, respectively – or the age at which enucleation was performed. In the work 
of this thesis, larvae were enucleated between 23 – 25 hpf, approximately 12 hours 
before the first of the retinal axons reach the tectum (Burrill and Easter, 1994). In the 
work of Pietri and colleagues, enucleations were performed at 54 – 58 hpf, prior to the 
appearance of spontaneous or evoked visual activity (Niell and Smith, 2005) but after 
retinal ganglion innervation. This is a potentially significant factor as the timepoint of 
retinal innervation of the tecta likely represents an occurrence of widespread synaptic 
reorganisation (Marcus et al., 1999) and the emergence of spontaneous activity (Niell 
and Smith, 2005). Curiously, another study of zebrafish spontaneous activity (Romano 
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et al., 2015) that used enucleation after innervation of the tectum (8 dpf in this case) 
found a slight but significant decrease in calcium event frequencies as a result, similar 
to our findings but not those of Pietri et al. This would appear to rule out the hypothesis 
that enucleation prior to retinal innervation (as was done in our work) results in a 
decrease in overall calcium events while enucleation performed after innervation (as 
in Pietri et al.) leads to a sharp increase in calcium event frequency. Ultimately, the 
explanation for these disparities may be masked by the differences in techniques and 
metrics used in the respective studies and this thesis. Our usage of potentially more 
sensitive graph theory metrics may have allowed us to detect subtle changes in 
network structure not visible with other metrics. There is agreement with respect to 
pairwise correlations, with both bodies of work showing a significant difference 
between the mean correlation coefficients between the intact and denervated tecta. 
Ultimately, the proposal by Pietri and colleagues that enucleation has little effect on 
the patterning of tectal spontaneous activity is based primarily on metrics of 
spontaneous assembly morphology, which are not the focus of thesis.    
The strong increase in pairwise neuronal correlations observed in our data for all cases 
associated with enucleation are in line with literature positing a necessary role for 
sensory activity in the decorrelation of activity within sensory regions (Rochefort et al., 
2009). In larvae lacking visual input there is an absence of decorrelating retinal activity 
to override the intrinsic mechanisms driving increased correlation between neurons. 
These alterations in neuronal correlation are mirrored in the graph theory metrics of 
the functional architecture, which show an increase in the functional connectivity and 
clustering of the tectum. It is worthwhile noting here that increased functional 
connectivity and clustering are not indicative of a network that is more effective in its 
role. In prior findings with fish on single days we find a peak in these metrics at 5 dpf, 
followed by a decrease to an intermediate level as the tectum matures.  
6.3.2 Conclusions from enucleation experiments 
Our results point towards the development of spontaneous activity within the tectum 
of zebrafish being less hardwired than previously postulated and a potential role for 
interhemispheric transfer of information. 
In terms of further perturbations that can be made to the zebrafish visual system, a 
potential experiment to extend upon these findings would be ablation of 
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interhemispheric connections, which has been proven feasible in recent studies 
(Naumann et al., 2016). Additionally, the suppression of tectal spontaneous activity 
without compromising retinal evoked activity via pharmacology (Stuermer et al., 1990) 
or optogenetics (Del Bene et al., 2010) would be a potential means to remove intrinsic 
activity during development. These experiments would be informative as they would 
elucidate the role of intratectal activity in the formation of spontaneous activity, an area 
that remains unclear. By studying the form of spontaneous activity following cessation 
of a blockade the component of spontaneous activity development comprised of early 
intrinsic tectal activity could be judged. 
 
6.4. The visual environment’s role in the patterning of spontaneous 
activity 
In goldfish models of visual development both the temporal and spatial structure of the 
environment play an important role in retinotectal map formation (Schmidt and Eisele, 
1985). Goldfish in the process of optic nerve regeneration, exposed to either a 
completely dark environment or a continuously strobing feature-reduced environment 
show an impaired sharpening of receptive fields that is resistant to recovery. However, 
zebrafish reared from birth in darkness have thus far appeared to possess normal 
receptive field structure, with only minor differences in spatial acuity compared to 
controls (Niell and Smith, 2005). However, while evoked activity – as measured via 
changes in receptive field metrics – appears relatively invariant, it is unknown whether 
spontaneous activity is similarly independent of the statistics of the visual environment.     
6.4.1 Altered rearing environments and spontaneous activity 
Similar to what has been described previously, we find little change in single-cell 
metrics like calcium event frequency as a result of rearing larvae from birth in either a 
dark or featureless environment. However, in the correlation coefficients and the 
metrics pertaining to network structure we see changes as a result of these altered 
rearing environments. Dark rearing larvae leads to a decrease in both functional 
connectivity and clustering, while featureless rearing yields the opposite, of which the 
latter result is in line with the statistics of the featureless rearing environment. 
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Plasticity of the optic tectum has been demonstrated previously in Xenopus larvae 
within a visual adaptation paradigm (Engert et al., 2002) under relatively short 
timescales. Whether this effect is persistent and also present in zebrafish larvae is not 
currently known however. Recent literature has demonstrated plasticity in the optic 
tectum of the adult zebrafish in response to persistent motion (Hollmann et al., 2015) 
but the presence of similar processes in larvae in response to other properties of the 
environment is less clear. Prior studies of the effect of dark rearing on zebrafish larvae 
have shown it to have little effect on certain metrics of spontaneous activity (Niell and 
Smith, 2005) and while this is similar to what we observe with the same metrics, 
analysis of the network structure of these larvae reveals significant changes that have 
not been described previously. Experiments approximating a featureless environment 
for goldfish have previously shown persistent effects on visual map formation (Schmidt 
and Eisele, 1985) and we find similar alterations in functional connectivity in our own 
featureless reared zebrafish larvae. Accordingly, we believe our results are the first to 
show significant and persistent changes in the functional architecture of the larval 
zebrafish tectum as a result of visual adaptation during development.  
In our featureless reared larvae there was both spontaneous and evoked retinal 
activity elicited by the environment but a lack of structure that would otherwise allow 
for the refinement of the retinotopic arrangement within the tectum. If the functional 
architecture of the tectum was completely derived from intrinsic cues there would be 
no effect of this paradigm on larvae, but our results appear to indicate that this is not 
the case. Hence, given only spontaneous retinal activity and unpatterned evoked 
activity, the tectum of featureless reared larvae resembles that of enucleated larvae, 
implying a strong necessity for features and structure in visual input. Perplexingly, dark 
reared larvae exhibit the opposite effect to that seen in the featureless reared larvae, 
showing a tectum that is more decorrelated and sparse than would otherwise be 
expected at 6 dpf. One possible explanation for this is that in the absence of coherent 
evoked activity, the tectum is driven and patterned only by spontaneous retinal activity. 
Hence, while the featureless reared larvae and enucleated larvae show an increase in 
correlation as a result of broad-scale correlated visual input and intrinsic tectal 
mechanisms respectively, the tecta of dark reared larvae perhaps represent the 
structure of spontaneous retinal activity. Such a hypothesis is entirely untested and 
would likely require a new set of imaging experiments to verify. 
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6.4.2 Conclusions from altered rearing environment experiments 
With these findings, this thesis highlights a possible occurrence of plasticity in the optic 
tectum of the zebrafish with regards to the visual environment during development. 
Where some prior literature has supported the role of hardwired molecular cues over 
visual input in the patterning of the tectum, we show that both dark and featureless 
rearing of zebrafish larvae result in changes to the network structure of spontaneous 
activity.  
 
6.5. The links between spontaneous activity and behaviour 
For the zebrafish, being able to hunt effectively is critically important to survival and 
prior research studying feeding rates of zebrafish larvae has shown that it is drastically 
affected by ablation of the pretectum (Muto et al., 2017). Other similar studies have 
mostly probed acute elements of prey capture in zebrafish, finding that performance 
is impaired while hunting in the dark (Gahtan et al., 2005) or as a result of ablation of 
mechanosensory neurons (Carrillo and McHenry, 2016) and is dependent on the 
metabolic state of the individual (Jordi et al., 2015).Hence, given the importance of the 
tectum in zebrafish hunting, it seemed likely to us that alterations in tectal spontaneous 
activity would influence feeding behaviour.    
6.5.1 Changes in zebrafish hunting behaviours after altering rearing conditions  
In our feeding assay, we found that the neuronal changes elicited by dark and 
featureless rearing were accompanied by a change in feeding rate. Dark reared larvae 
showed a significant and long lasting impairment in hunting performance which is 
consistent with prior literature showing reduced spatial acuity in dark reared larvae 
(Niell and Smith, 2005; Schmidt and Eisele, 1985).  
Featureless reared larvae notably exhibited strong hunting performance in assays that 
was persistent at 9 dpf. While prior literature (Schmidt and Eisele, 1985) is in 
agreement the persistency of tectal changes as a result of featureless rearing, the 
improvement in performance is difficult to reconcile with the published neuronal effects 
and our own results as to the functional changes within the tectum. One possibility is 
that the isolation necessary for the featureless rearing paradigm was the primary 
source of the improved hunting ability. We found that larvae raised in isolation but with 
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a similar visual experience to control larvae (minus the presence of conspecifics) 
exhibited similar behaviour to featureless reared larvae, indicating a possible role for 
developmental isolation in the observed improvement. Rat models of social isolation 
show improvements in some spatial and cognitive functions as a result of 
developmental isolation (Pisu et al., 2011) and isolated adult zebrafish show changes 
in stress hormone levels (Shams et al., 2017).  In the latter study, acutely isolated (24 
hr prior to experiments) zebrafish showed an increase in anxiety-associated 
behaviours, including turn rates and shoaling. Whether these stress hormones were 
upregulated in our own isolated larvae and had similar anxiogenic effects – potentially 
underpinning our observed changes in behaviour – is unknown and warrants a 
detailed investigation.  
6.5.2 Conclusions from behavioural assays on dark and featureless reared 
larvae 
Our behavioural results show a strong and persistent effect of dark and featureless 
rearing on zebrafish hunting performance. Dark rearing larvae appears to alter the 
tectum in such a manner as to decrease the ability of larvae to effectively hunt 
Paramecia. The finding that rearing in an isolated, featureless environment appears 
to improve hunting performance is novel in the field as far as we know and bears 
further investigation. 
It must be noted for the dark reared results that it is an assumption that decreased 
numbers of Paramecia consumed represent a decrease in hunting performance as 
opposed to a darkness-induced decrease in appetite. Disentangling these two 
possibilities would likely require an assay involving high-speed imaging or a similar 
technique to assess the success rate of capture attempts. Additionally, as zebrafish 
develop, their feeding episodes become significantly more variable (Westphal and 
OMalley, 2013) and this is not inconsistent with our own findings. Additionally, factors 
such as larval health are significantly influenced by parental size (Uusi-Heikkilä et al., 
2010) and natural variability (Castranova et al., 2011). Given that we did not control 
for size in our breeding regime it is a possibility that the health of clutches would have 
varied between experiments. Finally, satiety affects activity within the tectum (Filosa 
et al., 2016) and feeding rates (Jordi et al., 2015) and thus, with regards to the initial 
timepoint of the assay at 5 dpf there is scope for standardisation of hunger state by 
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controlling for the apparent developmental stage. By morphologically selecting for 
embryos of a set age, the variability induced by the differing time since the depletion 
of the larval yolk sac could be reduced. 
 
6.6. Future directions 
While our initial attempts to image larvae over multiple days did not appear to be 
successful, the obvious next step would be implementation of an updated protocol 
focusing on a minimisation of stress to the subjects. Reducing the number of imaging 
timepoints would still grant longitudinal information about intra-fish variability in the 
metrics we observe while decreasing the stressful experiences of the larvae. With 
regards to the findings from the enucleated larvae, one logical extension would be to 
image the larvae at different timepoints, up to at least 8 dpf to enable a more direct 
comparison with existing literature. This would provide useful information about the 
temporal nature of the changes observed in the metrics of spontaneous activity but 
would be subject to the issues mentioned previously in respect to the ability of 
enucleated larvae to effectively sustain themselves via hunting after depletion of the 
larval yolk sac. Blockade of retinal activity pharmacologically (Schmidt and Eisele, 
1985), with an agent such as the sodium channel blocker tetrodotoxin, would enable 
experimentation with a ‘reversible’ model of enucleation, allowing for behavioural 
assays to be performed after retinal activity recommences, although such surgeries 
are not without risk and potential off-target effects. Ablation of interhemispheric 
connections between the tecta is one potential method for investigating the changes 
seen in the intact tecta of the unilaterally enucleated larvae. For the altered rearing 
experiments, adjusting the duration for the patterning of spontaneous activity is a 
potential new area of study. Extending the duration of the imaging and behavioural 
timepoints would allow for the persistency of the observed effects to be ascertained 
and would answer questions about whether the metrics of spontaneous activity return 
to normal levels later in larval development (Pietri et al., 2017). Finally, a further 
deconstruction of the changes in feeding behaviour resulting from featureless rearing 
would shed light on this novel finding. 
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6.7. Conclusions 
This thesis has investigated the development and malleability of spontaneous activity 
within the zebrafish optic tectum using analysis techniques novel to this model. The 
timecourse of spontaneous activity development and the effects of altering the rearing 
environment on both spontaneous activity and behaviour were assessed. While the 
developmental profile of spontaneous activity within the individual proved difficult to 
study, interesting novel results for spontaneous activity in enucleated, dark and 
featureless reared larvae were found. An apparent increase in performance within our 
behavioural metric for featureless reared larvae was an unexpected finding and 
warrants further investigation. New avenues of discovery raised by our findings include 
mapping the timecourse of spontaneous activity within enucleated, dark and 
featureless reared larvae, studying the contribution of interhemispheric connections to 
the formation of spontaneous activity and deconstructing the changes induced in 
featureless reared larvae. By understanding the changes in spontaneous activity that 
occur over time and as a result of developmental perturbations, we progress towards 
further insight into how the brain arranges itself and how it processes information. This 
thesis contributes preliminary results and a framework for better understanding the full 
morphology of spontaneous activity within a simple vertebrate model of the brain.  
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Figure A1: R
asters, correlation m
atrices and sum
m
ary statistics for an individual im
aged at 4, 5 and 6 dpf 
(20170213-f2, 20170214-f2, 20170215-f2). A) R
aster plots of calcium
 indicator activity over tim
e at 4 dpf 
(Left), 5 dpf (M
iddle) and 6 dpf (R
ight). B) N
euron-neuron correlation m
atrix as derived from
 recordings at 
4 dpf (Left), 5 dpf (M
iddle) and 6 dpf (R
ight). N
eurons are ordered according to identities assigned 
autom
atically during processing and possess a loose spatial distribution. C
, Left to R
ight) M
ean event 
frequency, M
ean correlation coefficient, M
ean graph degree, M
ean clustering coefficient and G
lobal 
efficiency for this individual over tim
e. 
  Figure A2: R
asters, correlation m
atrices and sum
m
ary statistics for an individual im
aged at 4, 5 and 6 dpf (20170206-f1, 20170207-
f1, 20170208-f1). A) R
aster plots of calcium
 indicator activity over tim
e at 4 dpf (Left), 5 dpf (M
iddle) and 6 dpf (R
ight). B) N
euron-
neuron correlation m
atrix as derived from
 recordings at 4 dpf (Left), 5 dpf (M
iddle) and 6 dpf (R
ight). N
eurons are ordered 
according to identities assigned autom
atically during processing and possess a loose spatial distribution. C
, Left to R
ight) M
ean 
event frequency, M
ean correlation coefficient, M
ean graph degree, M
ean clustering coefficient and G
lobal efficiency for this 
individual over tim
e. 
  Figure A3: R
asters, correlation m
atrices and sum
m
ary statistics for an individual im
aged at 4, 5 and 6 dpf (20170213-f1, 
20170214-f1, 20170215-f1). A) R
aster plots of calcium
 indicator activity over tim
e at 4 dpf (Left), 5 dpf (M
iddle) and 6 dpf (R
ight). 
B) N
euron-neuron correlation m
atrix as derived from
 recordings at 4 dpf (Left), 5 dpf (M
iddle) and 6 dpf (R
ight). N
eurons are 
ordered according to identities assigned autom
atically during processing and possess a loose spatial distribution. C
, Left to R
ight) 
M
ean event frequency, M
ean correlation coefficient, M
ean graph degree, M
ean clustering coefficient and G
lobal efficiency for this 
individual over tim
e. 
  Figure A4: R
asters, correlation m
atrices and sum
m
ary statistics for an individual im
aged at 4, 5 and 6 dpf (20170130-f2, 20170131-
f2, 20170201-f2). A) R
aster plots of calcium
 indicator activity over tim
e at 4 dpf (Left), 5 dpf (M
iddle) and 6 dpf (R
ight). B) N
euron-
neuron correlation m
atrix as derived from
 recordings at 4 dpf (Left), 5 dpf (M
iddle) and 6 dpf (R
ight). N
eurons are ordered 
according to identities assigned autom
atically during processing and possess a loose spatial distribution. C
, Left to R
ight) M
ean 
event frequency, M
ean correlation coefficient, M
ean graph degree, M
ean clustering coefficient and G
lobal efficiency for this 
individual over tim
e. 
  
  
Figure A5: R
asters, correlation m
atrices and sum
m
ary statistics for an individual im
aged at 5, 7, 8 and 9 dpf (20161121-f2, 
20161122-f2, 20161124-f2, 20161125-f2). A) R
aster plots of calcium
 indicator activity over tim
e at 5 dpf (Left), 7 dpf (Second from
 
left), 8 dpf (Second from
 right) and 9 dpf (R
ight). B) N
euron-neuron correlation m
atrix as derived from
 recordings at 5 dpf (Left), 
7 dpf (Second from
 left), 8 dpf (Second from
 right) and 9 dpf (R
ight). N
eurons are ordered according to identities assigned 
autom
atically during processing and possess a loose spatial distribution. C
, Left to R
ight) M
ean event frequency, M
ean correlation 
coefficient, M
ean graph degree, M
ean clustering coefficient and G
lobal efficiency for this individual over tim
e. 
 
  Figure A6: R
asters, correlation m
atrices and sum
m
ary statistics for an individual im
aged at 6, 8 and 9 dpf (20161115-f1, 
20161117-f1, 20161118-f1). A) R
aster plots of calcium
 indicator activity over tim
e at 6 dpf (Left), 8 dpf (M
iddle) and 9 dpf (R
ight). 
B) N
euron-neuron correlation m
atrix as derived from
 recordings at 6 dpf (Left), 8 dpf (M
iddle) and 9 dpf (R
ight). N
eurons are 
ordered according to identities assigned autom
atically during processing and possess a loose spatial distribution. C
, Left to R
ight) 
M
ean event frequency, M
ean correlation coefficient, M
ean graph degree, M
ean clustering coefficient and G
lobal efficiency for 
this individual over tim
e. 
  Figure A7: R
asters, correlation m
atrices and sum
m
ary statistics for an individual im
aged at 4, 5 and 7 dpf (20170227-f2, 
20170228-f2, 20170302-f2). A) R
aster plots of calcium
 indicator activity over tim
e at 4 dpf (Left), 5 dpf (M
iddle) and 7 dpf (R
ight). 
B) N
euron-neuron correlation m
atrix as derived from
 recordings at 4 dpf (Left), 5 dpf (M
iddle) and 7 dpf (R
ight). N
eurons are 
ordered according to identities assigned autom
atically during processing and possess a loose spatial distribution. C
, Left to R
ight) 
M
ean event frequency, M
ean correlation coefficient, M
ean graph degree, M
ean clustering coefficient and G
lobal efficiency for this 
individual over tim
e. 
   Figure A8: R
asters, correlation m
atrices and sum
m
ary statistics for an individual im
aged at 6, 8 and 9 dpf (20161025-f1, 
20161027-f1, 20161028-f1). A) R
aster plots of calcium
 indicator activity over tim
e at 6 dpf (Left), 8 dpf (M
iddle) and 9 dpf 
(R
ight). B) N
euron-neuron correlation m
atrix as derived from
 recordings at 6 dpf (Left), 8 dpf (M
iddle) and 9 dpf (R
ight). 
N
eurons are ordered according to identities assigned autom
atically during processing and possess a loose spatial 
distribution. C
, Left to R
ight) M
ean event frequency, M
ean correlation coefficient, M
ean graph degree, M
ean clustering 
coefficient and G
lobal efficiency for this individual over tim
e. 
  Figure A9: R
asters, correlation m
atrices and sum
m
ary statistics for an individual im
aged at 6 and 8 dpf (20161101-f1, 20161103-
f1). A) R
aster plots of calcium
 indicator activity over tim
e at 6 dpf (Left) and 8 dpf (R
ight). B) N
euron-neuron correlation m
atrix as 
derived from
 recordings at 6 dpf (Left) and 8 dpf (R
ight). N
eurons are ordered according to identities assigned autom
atically 
during processing and possess a loose spatial distribution. C
, Left to R
ight) M
ean event frequency, M
ean correlation coefficient, 
M
ean graph degree, M
ean clustering coefficient and G
lobal efficiency for this individual over tim
e. 
  Figure A10: R
asters, correlation m
atrices and sum
m
ary statistics for an individual im
aged at 6 and 9 dpf (20161115-f2, 20161118-
f2). A) R
aster plots of calcium
 indicator activity over tim
e at 6 dpf (Left) and 9 dpf (R
ight). B) N
euron-neuron correlation m
atrix as 
derived from
 recordings at 6 dpf (Left) and 9 dpf (R
ight). N
eurons are ordered according to identities assigned autom
atically 
during processing and possess a loose spatial distribution. C
, Left to R
ight) M
ean event frequency, M
ean correlation coefficient, 
M
ean graph degree, M
ean clustering coefficient and G
lobal efficiency for this individual over tim
e. 
  Figure A11: R
asters, correlation m
atrices and sum
m
ary statistics for an individual im
aged at 6 and 7 dpf (20161110-f1, 20161111-
f1). A) R
aster plots of calcium
 indicator activity over tim
e at 6 dpf (Left) and 7 dpf (R
ight). B) N
euron-neuron correlation m
atrix as 
derived from
 recordings at 6 dpf (Left) and 7 dpf (R
ight). N
eurons are ordered according to identities assigned autom
atically 
during processing and possess a loose spatial distribution. C
, Left to R
ight) M
ean event frequency, M
ean correlation coefficient, 
M
ean graph degree, M
ean clustering coefficient and G
lobal efficiency for this individual over tim
e. 
  Figure A12: R
asters, correlation m
atrices and sum
m
ary statistics for an individual im
aged at 4, 5 and 6 dpf (20170130-f1, 
20170131-f1, 20170201-f1). A) R
aster plots of calcium
 indicator activity over tim
e at 4 dpf (Left), 5 dpf (M
iddle) and 6 dpf (R
ight). 
B) N
euron-neuron correlation m
atrix as derived from
 recordings at 4 dpf (Left), 5 dpf (M
iddle) and 6 dpf (R
ight). N
eurons are 
ordered according to identities assigned autom
atically during processing and possess a loose spatial distribution. C
, Left to R
ight) 
M
ean event frequency, M
ean correlation coefficient, M
ean graph degree, M
ean clustering coefficient and G
lobal efficiency for this 
individual over tim
e. 
  
  
Figure A13: R
asters, correlation m
atrices and sum
m
ary statistics for an individual im
aged at 4, 5 and 7 dpf (20170220-f2, 
20170221-f2, 20170223-f2). A) R
aster plots of calcium
 indicator activity over tim
e at 4 dpf (Left), 5 dpf (M
iddle) and 6 dpf (R
ight). 
B) N
euron-neuron correlation m
atrix as derived from
 recordings at 4 dpf (Left), 5 dpf (M
iddle) and 6 dpf (R
ight). N
eurons are 
ordered according to identities assigned autom
atically during processing and possess a loose spatial distribution. C
, Left to R
ight) 
M
ean event frequency, M
ean correlation coefficient, M
ean graph degree, M
ean clustering coefficient and G
lobal efficiency for this 
individual over tim
e. 
  
  
